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ABSTRACT

A numerical study of fully-developed, laminar, incompressible
viscous flow in tubes with internal spiral fins was conducted. An
existing vorticity based numerical procedure was used to solve the
governing continuity and momentum equations for the 1imiting case
where the fins extend to the center of the tube. The effects of
twist ratio and Reynolds number on predicted momentum transfer
characteristics of the flow were investigated for 4, 8, and 12 number
of fins with a fixed half fin angle of w/60 radians. The friction
factor values and the distributions of axial velocity, resultant
secondary velocity, and local wall shear stress showed strong dependence
on twist ratio and Reynolds number as separate parameters. Since the
flow in the axial direction was guided by the fins, the circumferential
velocity was in the direction of fin twisting everywhere in the flow
field. The flow, therefore, did not represent recirculation. The
magnitudes of the secondary velocities increased with twist ratio
and Reynolds number. The axial velocity distribution became increasingly
flatter and asymmetric about the central plane as the twist ratio or,
Reynolds number, was increased. The distributions of Tocal wall shear
stress on the fin surfaces (and in some cases (notably high twist ratio
and Reynolds number) also on the tube wall) showed asymmetric behaviour.
At a Reynolds number of 1000, friction factor increased over vaiues
for tubes with straight fins by about 14% to 130% depending on the
value of twist ratio and the number of fins whereas at a Reynolds number
of 10, the enhancement in friction factor was within 81% of the values

for straight finned tubes. For fixed fin number and twist ratio, the
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effect of Reynolds number on friction factor ratio was significant only
for Re > .~ 100. Empirical correlations for predicting friction factor values

were developed.
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NOMENCLATURE

coefficients in the general partial

differential equation

coefficients in the empirical relations for f/fo
total surface area for dz' length of the finned tube
convection terms

actual flow cross-sectional area

total surface area per unit length of the tube with
straight fins

total surface area per unit length of the tube with
spiral fins

diffusion terms

coefficients in the vorticity boundary condition
convergence criterion

coefficients in the successive-substitution formula
actual length of the fin in dz' length of the tube

radial and circumferential mass flow rates through
an elemental control volume

elemental distances in r', &' and z' directions,
respectively

friction factor for a tube with spiral fins,

5 -
WZQTO - Q__)
dz'

m?

friction factor for a tube with straight fins
function of axial velocity

dimensionless fin height



Y‘l’(l,zl

X1

distances in the finite-difference representation
of derivatives

indices for the finite-difference grid corresponding
to the r' and o' directions, respectively

fin conductance parameter, Bks/kf
thermal conductivity of fin
thermal conductivity of fluid
mass flow rate

number of fins

distance between the wall grid node and the adjacent
node

Nusselt number

pressure at a point (r', @', z') in the flow
mean pressure at a cross-section

variable pressure

inside radius of the tube

radius at the tip of the fin

cylindrical polar coordinates

coordinates of a rotating coordinate system

Reynolds number based on actual mass flow rate,
Zﬁ/ﬂrou

pitch for 180° rotation of the root of the fin
integral in the source term

velocity components in rs 6, and z directions
respectively

Resultant secondary velocity



Greek Lette

V'S

AT, A2, A

Y

Subscripts

m or mean
0
no

Mmax

X1

twist ratio, ﬂro/s
half fin angle

distance in the finite-difference representation of
derivatives

angle made by the root of the fin with the tube axis
dynamic viscosity

vorticity

angular rotation of the root of the fin in an axial
distance z. Also used to designate a dependent
variable

density

stream function

average wall shear stress over the cross-section

average wall shear stress over the tube wall

average wall shear stress on fin surfaces

stress tensor

Tocal axial shear stress

mean value over the cross-section
wall grid node
near-wall grid node

maximum value




Superscripts

N

ref

Nth iteration
reference value
vorticity

stream function

X111




1.0  INTRODUCTION

In recent years, the internally finned tube geometry (Figure 1)
has received considerable research interest as it offers an efficient
and compact means of heat transfer augmentation. Both experimental
and analytical techniques have been employed by various investigators
to study the momentum and heat transfer for flow through such tubes.
Various degrees of heat transfer enhancement have been reported in
the Titerature depending on the flow condition (laminar, turbulent),
tube geometry (number of fins, fin height, fin thickness, and twist
ratio), fluid properties and thermal boundary conditions (constant
heat flux, constant surface temperature). However, these increases
in heat transfer have been accompanied by increases in pumping power,
hence optimization is required in order to select the best configuration

for a specific situation.

1.1 Motivation

The problem considered here is the laminar momentum transfer in
tubes with internal spiral fins where the fins extend tc the center
of the tube. The motivation of a study of this problem arises from
the superior performances of spiral finned tubes compared to straight
finned tubes as reported by various investigators [1, 2] based on their
experimental studies. However, only Timited theoretical study
concerning flow in such tubes have been reported. These have either
involved various simplifying assumptions or have been extremely

Timited in scope. Date [3] has computed laminar and turbulent flow



characteristics in tubes with twisted tape inserts (i.e. two opposing
full fins) whereas Ivanovic's [4] Taminar flow results are valid only

for small twist ratios (« < 0.3) and negligible fin thickness. The

need for a rigeurous analysis of the problem is, therefore, obvious.

1.2 Scope of the Present Work

The objective of the present work is to study numerically the
characteristics of the flow in tubes with internal spiral fins without
any restriction on the value of the twist ratio. A number of
characteristics that are typical of such flow have been revealed and
are discussed at a later stage. At the same time, results have been
successfully predicted for twist ratio up to 0.5. The present |
investigation should, therefore, be viewed as an important first step
towards solving the problem of finite length fins. Future research
must also seek heat transfer solutions for the two fundamental boundary
conditions, namely, the constant heat flux and constant wall temperature

conditions.
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2.0 LITERATURE REVIEW

The affluence of literature available on fluid flow and heat
transfer for internally finned tubes can be broadly classified
according to the method employed to study the phenomena, viz.
experimental and analytical (including numerical analysis). Only
the literature dealing with laminar flow condition is reviewed, in
the order of mention, unless a particular work involves other flow

conditions as well.

2.1  Experimental

Experimental results were reported by VasiT'Chenko and
Barbaritskaya [5,6] for laminar and turbulent flow of transformer
0oil in tubes with straight fins of trapezoidal cross-section under
nonisothermal condition (cooling). In the range of parameters
considered (M = 0,4, 6,8; H = 0,0.36, 0.41, 0.565, 0.6; 8 = 4.4° to
5.5°), they observed significant improvement in friction factor and
Nusselt number over the values for finless tubes. The influence on
friction factor due to viscosity variations with cooling of transformer
0il was found to be considerably greater with Taminar flow than with
turbulent flow. They also noticed that for short fins, transition
to turbulent flow occurred well before the usual critical value of

Reynolds number ( = 2300) was reached.
Watkinson et al [1] presented isothermal friction factor and
Nusselt number data for a motor oil in the laminar and transition

regions based on their experimental investigation. Eighteen internally



finned tubes were tested to cover a wide range of parameters including
twist ratio. At a Reynolds number of 500, heat transfer was enhanced
over smooth tube values by 8 to 224% depending on the tube geometry.
For example, at M = 8, H = 0.298, and o = 0.470 the enhancement was
224% while a combination of M = 16, H = 0.168, and o = 0.525 yielded
an increase of 156%. However, at the same Reynolds number, the
associated increase in friction factor was, in general, within 100%.
An analysis based on constant pumping power requirement further
recommended use of the spiral finned tube (M = 8, H = 0.298, o = 0.470).
Correlating equations for heat transfer and friction factor were also
presented for both straight and spiral finned tubes. The transition
from laminar flow occurred at lower Reynolds number than the critical
value for smooth tube and appeared to be a strong fﬁnction of fin

height to equivalent diameter ratio.

Soliman and Feingold [7] performed experiments to compare the
performance of a quintuplex spiral finned tube with the performances
of a single spiral finned tube and a smooth tube (M =16, H=~0.17,
o = 0.525 for each finned fube) with almost the same inside diameter.
They concluded that the increase in heat transfer was offset by the
associated increase in pumping power required for the quintuplex finned
tube and consequently recommended use of such tubes where the size of
heat exchanger was the major concern. When considered on the basis
of the minimum pumping power required to transfer a given amount of

heat, the single finned tube proved to be the best choice.



Marner and Bergles [2] studied the effect of different thermal
conditions on friction factor and Nusselt number during a series of
experiments with twisted tape {hserts, static-mixer inserts and finned
tubes (straight and spiral) using different working fluids (water,
motor o0il, ethylene glycol) mainly under laminar flow conditions.

Under constant heat flux condition, Nusselt numbers for twisted-tape
inserts were independent of tube length but varied with tape twist
ratio, Reynolds number, and Prandtl number. A correlating equation for
Nusselt number as a function of these parameters was reported. Improve-
ments in Nusselt number for straight finned tube was found to be highly
dependent on Prandtl number while water data showed a length effect.
Very high heat transfer coefficients were obtained with Koch mixer
inserts but these were accompanied by large isothermal pressure drops.
They found twisted tape inserts and finned tubes to yield substantial
enhancement in heat transfer for a given increase in pressure drop,

and selected these geometries for further investigation. Twisted tape
inserts yielded greater friction factor as compared to spiral fins

and, unlike the Tlatter, showed significant effect of heating or cooling
on friction factor results. Mean Nusselt number results and constant
pumping power performance analysis further showed distinct superiority
of spiral fins to twisted tape inserts under both heating and cooling

with constant wall temperature conditions.



2.2 Analytical

The first analytical solution for momentum and heat transfer in
internally finned tubes was reported by Hu and Chang [8]. They
neglected the thickness of the fins and assumed a constant and uniform
heat flux on internal cylindricai surface and on each fin. The
governing momentum and energy equations including the effects of
viscous dissipation and heat generation but neglecting any variation
of fluid properties, were solved by using Green's function. The
reported friction factor and Nusselt number results covered a range of
0 <M<32, and 0 <H <1.0. The effect of dissipation function was
found to be negligible in all cases. The optimum Nusselt number was
found to be 86.82 at M = 22 and H = 0.795 with no heat generation, and
at M= 16 and H = 0.8 with heat generation. They noticed that for short
fins of any number and tong fins of very large number, the Nusselt
number was below the value for a finless tube. This may be due to the
unrealistic assumption of uniform heat flux on the fin surfaces.
Equivelocity lines and isotherms were also reported and the presence
of so-called primary loops (occurring at the center of the tube) and

secondary loops (between the fins) was noticed.

Nandakumar and Masliyah [9, 10] included the effect of finite
thickness of the fins by assuming a fin shape of triangular cross-
section. The finite element method was used to sclve the momentum
and energy equations for the case of no axial conduction and no viscous
dissipation. They assumed axially uniform heat flux and peripherally

uniform temperature on the tube surface and uniform temperature



(equal to the tube wall temperature) along the fin. Friction factor
and Nusselt number values values were reported for 4 <M< 24,

0.1 <H <0.8,and 0 < B < 3° Friction factor results were also
included for 0 < B < 6° and a correlation for fRe was included. The
reported friction factor results are higher than the experimental
correlation given by Watkinson et al [1] for 0.57 < De/Di < 0.68

(De = equivalent hydraulic diameter, Di = tube internal diameter).

A fin profile very close to real fin configurations was con-
sidered by Soliman and Feingold [11]. The fin profile was defined by
two radial flanks encompassing a variable angle and having a variable
height. The tip of the fin was a circular arc concentric with the
tube. The solution for ve]oéity distribution and friction factor was
presented in terms of an infinite series. Sufficieﬁf accuracy was
attainable with only about 15 terms included in the series solution.
The friction factor results were presented for a wide range of parameters
(0 <M=<32; 0,06 <H<1.0;0 < B <3°). Contrary to Hu and Chang [8],
who reported that for short fins the secondary Toops did not exist,
it was found that there was a critical fin height above which secondary
loops were found, and for fixed fin thickness, this critical fin
height decreased with an increase in the number of fins. The effect
of fin thickness was found to be more pronounced for longer fins than

it was for shorter fins.

Soliman and Feingold later [12] extended the technique developed

in [11] to obtain analytical solution for temperature distribution and



Nusselt number for the constant heat flux condition (constant heat
input per unit length, and a peripherally uniform temperature along

the inner surface of the tube including the fins). Axial conductien
and viscous dissipation were neglected and fluid properties were
assumed to be constant. Forall combinations of H and 8, Nu increased
with an increase of M upto a criEica] value and thereafter decreased

to reach the value for a smooth tube when the fins filled the perimeter
of the tube compietely. The Tocation of the peak value of Nu depended
on the fin height. The effect of number of fins and fin height on

the dimensionless temperature distribution was also discussed.

Soliman [13] investigated the effect of fin conductance on heat
transfer by assuming circumferentially uniform but radially variable
temperature distribution within each fin. He concluded that the heat
transfer characteristics were influenced by a single parameter K,
defined as (Bks/kf). In general, the effect of finite conductance of
fin material was to lower the dimensionless temperature distribution
within the fluid and consequently the Nusselt number as compared to
the corresponding values for the ideal case of K = ». These effects
were significant only for long fins (H > 0.4). K had no noticeable
effect on the location of the peak value of Nu for short fins, and

only a small effect was associated with long fins.,

Local and average heat transfer results were reported by Soliman

et al [14] for a wide range of parameters (4 < M < 32, 0.2 <H<o0.8,



and 8 = 3°) for the case of uniform outside wall temperature. The
influence of fin conductance was considered while viscous dissipation
and fluid property variations were neglected in solving the momentum
and energy equations by finite difference method. Reported average
Nusselt number data showed considerable enhancement above values for
finless tubes, particularly at M = 16 and H = 0.8. The effect of fin
conductance was significant for M < 16 and H > 0.6; the distribution
of local heat flux at the side of the fin and along the tube wall was
found to be strongly dependent on the values of M and H. For short
fins (H < 0.2), the Tocal heat flux was zero at the base and a maximum
at the tip of the fin and showed\noticeab1e effect of K only for Tow
values of M. For long fins (H > 0.8), the peak of local heat flux
occurred almost midway along the fin, and again, the K-effect was not
noticeable at large values of M. The distribution of local heat flux
on the tube wall was also found to be non-uniform except at M = 24 and
H=0.8. Fof a given tube (fixed M and H), the dimensionless temperature
distribution showed strong dependence on K and formed closed loops for

tong fins.

Analytical data for momentum and heat transfer in tubes with
spiral fins are scarce. Date [3] employed the concept of a rotating
coordinate system to eliminate the axial dependence bf the flow in
a tube with twisted tape insert. He then solved the resulting
conservation equations to predict friction factor and Nusselt number

values for Taminar and turbulent flows neglecting the thickness of
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the tape and assuming insignificant viscous dissipation and axial
conduction. The reported laminar friction factor and Nusselt number
data indicate enhancements over corresponding values for straight
semi-circular duct but are lower than the experimental values produced
Tater by Marner and Bergles [2]. For turbulent flow, the predicted
friction factor and Nusselt number data were about 30 percent lower
than the experimental results available. Date [3] attributed this
discrepancy to the inadequacy of the effective-viscosity concept in

modelling turbulent stresses in twisted-tape flow.

Ivanovic [4] predicted momentum and heat transfer (constant heat
flux condition) characteristics for laminar flow in tubes with internal
spiral fins of zero thickness. He assumed that the contribution of
the secondary pressure gradient, aPo/ae‘, in the axia1 momentum equation
was insignificant and showed that the theoretical dependence of the flow
characteristics on o and Re can be replaced by a single dependence on
the product aRe at low twist ratios (o< 0.3). The friction factor
normalized by the corresponding value for the tube with straight fin
increased nonlinearly with aRe for aRe > 50, the increase being
significant for tubes with a small number of Tong fins (for example,
M=4, H=0.8). For large number of fins (M > 18), the increase was
minor irrespective of the fin height. A qualitatively similar
dependence of the Nusselt number (normalized by the corresponding

value for o = 0 case) on aRe was noticed. For long fins, the
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distribution of local heat transfer coefficient on the fin surface
indicated a peak located approximately at 0.3 of the fin height.
For short fins, the local heat transfer coefficient increased

monotonically from zero at the base to a maximum at the tip of the

fin.
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3.0 MATHEMATICAL FORMULATION

Fully developed Taminar flow of a constant property fluid is
considered. Body forces are assumed to be negligible. The problem
is formulated for the general case of spiral fins of finite thickness
and finite length. The conservation equations describing the fluid
flow are developed first. Then the boundary conditions are specified
for the 1imiting case where the fins extend to the centerline of the

tube.

3.1 The Geometry

The cross-section of the tube ;eometry under consideration is
shown schematically in Figure 1. The fin profile is defined by two
radial flanks encompassing an angle of 6° and having a variable height.
The tips of the fins are circular arcs concentric with the tube. The
fins are equally spaced along the periphery of the tube and are
twisted in the longitudinal direction. The root of the fin rotates
through 180° in an axial distance § (Figure 2). The twist ratio (o)

is defined as:
a = tany = < (3.1)

where vy is the angle made by the root of the fin with tube axis

(see Figure 1).
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3.2 The Coordinate System

A fully developed flow is characterized by the axial invariance
of the velocity distribution. For example, in the case of fully A
developed laminar flow in tubes with straight fins, the velocity
distribution is identical at every cross-section and the only velocity
component is in the axial direction. However, when the fins are
twisted, the fluid particles move in a helical path because the main
flow in the axial direction is guided by the fins. Consequently, the
velocity vector has radial and circumferential components in addition
to the axial component and the stream lines are not straight in the
axial direction. Therefore, if the customary cylindrical polar
coordinate system is used to describe the flow, the axial dependence
of variables can not be removed and the problem must be treated as
three dimensional. However, if it is recognized that the velocity
distribution will be identical at points that are similarly located
with respect to the surface of the fin as one moves downstream, the
axial dependence can be removed by measuring the circumferential
distance always from the surface of the fin (see Figure 1). The flow
can now be treated as two dimensional with one obvious difference;
i.e. points with identical flow characteristics will appear rotated as
one moves axially. The relationship between the new coordinate system
(designated by r', 6', z') and the Customary coordinate system (r, 6, z)
can be derived by referring to Figure 2. A point 'A' located on the

fin surface moves an axial distance z and a circumferential distance



ér in arriving at the point ‘8" Thus,

¢=-‘“;—' 7 . (3.2)

Therefore, the new coordinate system is related to the customary

one by the following equations:

=, (3.3a)

8' = 0 +1ST-z, (3.3b)
and

z' =2 . (3.3c)

Equations {(3.3) imply that when the fins are twisted in the anti-
clockwise direction and z and z' are measured in the direction of
axial flow, one has to move through a distance corresponding to

6' = 9+ wz/S in order to follow a particular particle.

As a consequence of equations (3.3), the following relations

may be written:

— = /

BY\ arl 9 §3.4’a)

3 .

‘55 a@i b (3.4b)
and

2 - 9 T 9

32 a2 TS 38 (3.4¢)

* .
Points A, B and C may be located on the surface of the fin at any
radius r although they are shown in Figure 2 to correspond to the
Tocations r = o
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In the fully developed region the dependence on the new axial
coordinate z' will be taken to be zero. Mathematically, this is

expressed as:

It should be noted that, due to twisting, the actual length
of the fin contained in an axial distance dz' is greater than that
of a corresponding straight fin. 1In view of equation (3.2) and the
discussion preceding it, the actual length of the fin in an axial

distance dz' is:

de = [(dz')? + (r! dqa)z]l/2 , hence
de = [1+ (a 21" a7 (3.6)
0 p '

3.3 The Governing Equations

The governing equations are the continuity and the momentum
equations. For a constant property fluid in steady laminar flow,

these equations in the (r, 6, z) coordinate system are (e.g. see

[151):
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Continuity Equation

oV, 3V
13 1 8, "z, _
Axial Momentum Equation
oV V, oV 3V
240 'z _z
p{Vz 9z * r 30 * Vr Br}
. v 32V 3%V
Rl T LRy (e AR Ehe S S (3.8)
r? 562 922
Circumferential Momentum Equation
oV V. oV VvV oV
“0, 088, r's ]
p 1V, ar v e T T
32V v 37V
1 5P a 1 9 ] S, 2 0
ety GG (v ) L e S
20 ar ‘r ar 3] Y‘Z 382 2 29 822 -
- (3.9)
Radial Momentum Equation
\
co e Y e Y
v oar r 06 r Z 4,
32y
oP g ,1 9 1 r
St e () + b -
or ar ‘v dr r r2 382
oV 32y ,
-2 ‘5@—6"*‘ Ty . (3.10)
r? 2z?
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Equations (3.3), (3.4), and (3.5) are now used to transform the
governing equations to the new coordinate system (r', 6', z'). It is
assumed that the pressure at any point in the flow consists of two parts

as follows:

1. A mean pressure, P(z'), which is constant over the cross-section;
the axial force due to the axial gradient of P(z') is balanced by
that due to the shear stresses on the tube wall and the fin

surfaces.

2. A varying component, Po(r', 0'), which is induced in the flow

due to twisting of the fin,

Thus,

P(r', 0', 2"y = P(z') + P (v, 8") . (3.11)

Equation (3.5) holds for all dependent variables except for the mean
pressure P(z'); dP/dz' is a constant for fully developed flow and can
be expressed in terms of wall shear stresses (see Appendix A). The
tinal form of the governing equations in (r', 8', z') coordinate system

is:

Continuity Equation

] 9 ~ b l ._:é $ E.... = “
ol g (V) + S s (Y F e V)= 0, (3.12)
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Axial Momentum Equation

aVZ Ve o BVZ
0 {Vr oy (= + ;;‘VZ) 8@'}
= oP oV
P . a "o 19
= - {dzx r ael} + u {Y.l e (Y‘ W) +
12 52y
w1 e ey 2y (3.13)
r 2 r|2 86!2
0
Circumferential Momentum Equation
aV Vv aV Vv
8, (8, 8, re
aP oV
S e - N - B 2. r
T WA G g (r'Vg)) + PR CE
2%V
2 12
+ (1 +% rz - 0 2} , (3.14)
ro r'“90
Radial Momentum Equation
aV ) oV V.o
_r 8, a _r 67
e {Vr ar' e o Vz) 20" r'}
oP oV
. %% S a2 Y
= - 3 + u {a T ( t St (Y’ VY‘)) Y~'2 30" +
3%V .
2 12
+ (1 + &0 LA B (3.15)
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It should be noted that although the governing equations have been
transformed in the (r', o', z') coordinate system, the velocity
components vr, Ve, and Vz themselves are in the original r, 6, and z

direction respectively.

Following Gosman et al [16], axial vorticity (w) and stream
function (¥) are now introduced as main independent variables. This
allows representation of circumferential and radial momentum equations

by a single equation for vorticity. Axial vorticity is defined as:

oV
- or o 3 .
w = Y‘( { ei arl (r ve)} . (3']6)

To derive the vorticity equation, the radia] momentum equation is
dffferentiated with respect to 6' and the circumferential momentum
equation with respect to r', and the second equation is subtracted
from the first. Using the definition of vorticity, the following

final form of vorticity equation is obtained: -

The Vorticity Equation

S Q oW
P {vr e et ry vz) 38"
-0 duy b1y 1 P,
r' op! or' P2 pr2 g2
0]
oV av oV
o o1 "z 3 ' - < _ 6 =
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The stream function is now defined as follows such that the

continuity equation is implicitly satisfied:

2= o (Vg + &V ) (3.18a)
6}
%= oV (3.18b)

Substitution of V@ and Vr from equations (3.18) into the definition of
vorticity, equation (3.76), results in the stream function equation

which is as follows:

The Stream Function Equation

tolw - 2020 (v.or'?2)) =0 . (3.19)

The physical significance of the definition of stream function
can be appreciated by referring to Figure 3 which shows a control
volume twisted in the longitudinal direction and its projection on
the r' - 8' plane. The projection of Tongitudinal twisted faces ADD'A'
and BCC'B' is represented by crossed-hatched areas. Faces ABB'A' and

DCC'D' are crossed by the radial velocity component Vr‘ Thus, the
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mass flow rate through these faces is:
° = ! 1 1
dmr' or Vrde dz (3.20a)
where  r'de'dz' is the elemental area normal to the flow.

The side faces ADD'A' and BCC'B' are not only crossed by the
circumferential velocity component Ve, but because of twisting, these
faces are also exposed to the axial velocity component Vz. The total
mass flow rate through these faces is, therefore, the sum of the two

contributions. Thus,

dm

1]

g Vg (area of face ADD'A') +

+ pvz (projected area of face ADD'A' on r' - g' plane)

PV, (dr'dz') + PV, (dr'r'de) .

0

Substituting d¢ from equation (3.2),

° = RS i i r
dmel p(Ve + v r'vz) dr'dz' . (3.20b)
The definition of stream function via equations (3.18) thus
represents the actual mass flow rates through the faces of the control
volume and (VO + %§-v7) may be viewed as the effective velocity in
0 Z

the circumferential direction. When there is no twisting (o = 0),

equation (3.12) takes its usual form.
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3.4 Generalized Representation of the Governing Equations

The equations to be solved are equation (3.17) for vorticity,
equation (3.19) for stream function and equation (3.13) for axial
velocity. As described in Gosman et al [16], these equations can be
put in standard elliptic form by replacing (¥9-+ ﬁi-vz) and Vr appearing
on the left hand sides of (3.13) and (3.17) by strgam function via
equations (3.18). The resulting general elliptical equation for any

dependent variable ¢ is of the form:

2 (e (6 5 ) - 5 (0 20
< Convection Terms >
- 3o (b gor (€0)} - =2 b, <O (o)) 4
< Diffusion Terms >
+ d = 0 - (3.21)

Source Terms

where a, b], bzs ¢, and d for each dependent variable are as follows:
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The term 5§$'appearing in the source term of the axial momentum equation

can be obtained from equation (3.14) as follows:

2 ~
Egg'z " {;L‘ave ] v6 . P Vo . 2 oVr
30" roor! P12 gmz gz 90
32V v
(1 + 2 p2) O o e =2 4
r 2 P12 992 roor
0}
o ave
* (Ve Ty Vz) 350 TV Vgt o (3.23)
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where Vr and Ve are evaluated from equations (3.18).

3.5 Boundary Conditions

The equations given by (3.21) must be supplemented with suitable

boundary conditions to completely define the problem. Boundary conditions

are now developed for the Timiting case where the fins extend to the
centerline of the tube, thus dividing the cross-section of the tube into
a number of passages as shown in Figure 4. Due to symmetry, only one
such passage need be considered. It should be noted that because of

twisting, the flow is not symmetrical about the central plane 0-B.

In view of the no-slip condition, the velocities are all zero on
solid walls and the stream function assumes a constant value. In the
present study, stream function was assigned zero value on the solid
walls. Thus, the values of velocities and stream function on the four
boundaries, viz. fin surface 0-A, tube wall A-B-C, fin surface C-D, and
the center node D-0 are zero. The boundary condition for vorticity

is discussed in Section 4.2. ~
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4.0 METHOD OF SOLUTION

In Section 3.0, a set of elliptic partial differential equations
describing the momentum transfer in fully developed laminar flow in a
tube with twisted fins was derived from the conservation equations.

The governing equations are coupled and non-Tinear in nature. A closed
form analytical solution is, therefore, not possible and one has to

resort to numerical techniques such as the finite-difference method used

here.

4.1 Finite Difference Solution

The starting point in solving a set of partial differential

equation using a finite difference method is to convert these equations

into a set of finite difference equations at discrete points (called the
grid nodes*) in the flow field. The process -of arriving at the finite
difference equation is described in detail by Gosman et al [16] and is
summarized in Appendix B. Basically, it involves integration of partial
differential equations over control volumes surrounding grid nodes with
assumptions concerning the distributions of the Qariab1es between the
nodes of the grid. A cross-section of one such control volume is shown
in Figure 5 by the cross-hatched area. The final outcome of this
analysis is the following successive substitution formula:

O = Cpdp * Oty F Cyoy F Lo * D, (4.1)

*
See Figure 5 for illustration.
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where the C coefficients represent convection and diffusion of variable

¢ whereas D represents its source.

Source terms usually contained first and higher order derivatives
of the ¢ variables (see Section 3.4). These derivatives were put in
finite difference form using well known central difference formulae.
Forward and backward difference formulae were used to evaluate the local
wall shear stresses which involved first derivative of velocities at
the solid walls (see Appendix A). A review of finite difference

representation of derivatives is given in Appendix C.

4.2 Vorticity Boundary Condition

The boundary conditions for axial velocity and stream function
have already been indicated in Section 3.5. The boundary condition for
vorticity can be derived by assuming suitable shapes of velocity profiles
in the near-wall region. The vorticity boundary conditions applicable

to the four boundaries are (see Figure 5):

Fin Surfaces 0-A and C-D
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Tube Wall A-B-C
.- 6(3n - 2ro) (WO - Wno) ) 2(n - ro) Lo
0 (5n - 4ro) on? (5n - 4r0) no
(3r - 2n) (3n - 2r )
_ o 0 o Vz.,no (4.3)
rs n (bn - 4r0)
Center Node D-0
¥ o-y )
36 ( 0 no 4 a 12
Yo T B on? "5 Yo F r, 5 Yoo - (4.4)

The derivation of vorticity boundary condition can be found in Appendix D.

4.3

The Computational Procedure

Equation (4.1) can be written for each variable 9 at every

interior node of the domain of interest and the ¢ conditions can be

specified at the boundaries.

is a solvable one.

Thus the set of finite difference equations

However, since the C coefficients and the source

term D in equation (4.1) are themselves function of ¢, an iterative

solution procedure is needed.

described by Gosman et al

equations. The following
radians):
4 <
10 <
0 <

The Gauss-Seidel iterative technique
[16] was used to solve the finite difference

range of parameters was covered (with B = 7/60

<M< 12

Re < 1000

0.5

o <
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Here, comments on the upper limit of Reynolds number and twist ratio

are in order. There is sufficient evidence in the literature based

on experimental results [1, 2] to believe that for Re > 1000, the flow
through twisted geometries may be near transition or already in

transition. Thus, a value of 1000 appears to be a suitable Timit on

the Reynolds number to ensure laminar flow conditions. The maximum

value of the twist ratio commonly used fall in the vicinity of 0.5.

Eleven out of the thirteen spiral finned tubes tested by Watkinson et al

[1] had twist ratios less than 0.5 while the remaining two had twist

ratio values of 0.52 and 0.53. Thus, the range of the present investigation

covers the majority of applications.

A flow chart and listing of the computer programme is given in
Appendix E. The principle features of the computational procedure are

summarized below:

a) Iteration Scheme

One complete iteration cycle consisted of three sub-cycles, one
for each of the three variables. In each sub-cyc]é, the field was
scanned row by row, and a single variable was updated using equation
(4.1). A significant advantage of this type of scanning was that the
newly computed ¢-values were used as soon as they became available
thus accelerating the convergence. When all the sub-cycles had been
completed, vorticity values were calculated on the boundaries (boundary
conditions of axial velocity and stream function did not require

jteration), and the axial velocity field was re-adjusted so that the
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mean axial velocity corresponded to the known Reynolds number. A new”
iteration cycle began and the procedure was repeated until the changes

in the values of the variables between successive iterations became

acceptably small. The term BPO/BG’ appearing in the source term of
the axial velocity was updated periodically to ensure stability of
the iteration process. After a solution had converged, the following

parameters were calculated:

(i)  Friction Factor

Reynolds number and friction factor were defined on the basis of

actual mass flow rate. Thus:

Re = i (4.5)
0
and
ory b
f= °o : { dz‘) ’ (4.6)
m
where
m = ﬁ)Afa Z.m (4.7)
,,,,, Ara ™ o' (1= ME (24 - 1)) (4.8)
and
v ! ro [@O Vorodrt de (4.9)
I /_ v odr! ! .
2 Aea Jpeg Jgr=0 7

* -
The term dP/dz' was evaluated for each iteration via wall shear
stresses using the relations developed in Appendix A.
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(i1) Resultant Secondary Velocity

Resultant secondary velocity (VS) was defined as:

v, = / vr2 + vG2 ) (4.10)

Thus, the direction of VS relative to that of V6 was given by Tan“1

(Vr/Ve). The mean value (vS m) was calculated from equation (4.9) with

VZ replaced by VS. Simpson's 1/3 rule was used to evaluate the double

integral in equation (4.9).

(ii1) Local Wall Shear Stress

Local wall shear stresses were calculated using the relations

derived in Appendix A, namely:

aV
T, = H 5;%- (Tube Wall) (4.11)
" . BV, o g v '
T, = W (+2 ;g-r ) 557w ;;-(557-+ 557)  (Fin Surfaces) (4.12)

b} Grid Size

The effect of grid size on the predicted values of friction factor
was investigated, both for straight and spiral finned tubes. Four
different grid sizes (11 x 11, 13 x 13, 15 x 15 and 17 x 17) were used
for this purpose. The predicted values of fORe (for straight finned

tubes) and f/fo (for spiral finned tubes) are listed in Table 1 for
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M=4,8, 12; « = 0.3, 0.4, 0.5; and Re = 1000. For straight finned tubes,

the effect of increasing grid size was to bring the predicted fORe value

increasingly closer to the exact solution due to Soliman and Feingold

[11]. The increase in grid size, however, resulted in increased computational

cost. Hence, the 15 x 15 grid size was chosen as a compromise between

accuracy and economy.

As can be seen from Table 1, the 15 x 15 grid size gave sufficient

. *
numerical accuracy for spiral finned tubes as well .

c) Initial Conditions

Initial conditions needed were the number of fins, twist ratio,
Reynolds number, and the distributions of velocity components, vorticity,
_éhd stream function. The axial velocity field was initialized with the
mean axial velocity corresponding to the Reynolds number; the remaining

variables were initialized with Zero everywhere.

d) Convergence Criterion

An iterative procedure is said to have converged when the values
of variables between successive iteration cycles are acceptably small.

The convergence criterion was expressed as:

‘There were exceptions to this trend, e.g., M = 12, o = 0.5, and
Re = 1000. (See Table 1). Nevertheless, the 15 x 15 grid size
was chosen for all predictions.
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¢N _ ¢N—1
ref

¢

(4.13)

max

¢ref was assigned the value ¢N for axial velocity. For vorticity

. N . . .
and stream function, ¢ was nearly zero in certain regions of the flow

and cc became large even though ¢N - ¢N_] was small. To avoid this,

¢ref was defined as follows:

o™ = Tlayl + logl + logl+ lo, |1/4 (4.14)

The solution was declared to have converged when cc became less than

0.001 for all three variables.

e) Relaxation Factor

In general, no relaxation was necessary to achieve convergence
in the majority of cases. However, for high twist ratio and/or high
Reynolds number (usually such cases occurred when the product aRe
exceeded 300), the process failed to converge of its own and it became
necessary to under-relax the variations of the values of stream
function and vorticity between successive iterations. Values of
relaxation factors for stream function and vorticity were typically

0.6 and 0.4 respectively.
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) Stability

An iterative preccedure is stable if the changes in the values of
the variables between successive iterations diminish monotonically.
The present computational procedure became unstable under the following

circumstances:

(i) When the spacing between the grid lines in the radial direction
was small (<1/14), the wall vorticities calculated from equations (4.3)
and (4.4) became unrealistically very large and instability occurred.
To avoid this difficulty, the wall vorticities were removed from the
substitution formulae for the near-wall nodes by once-for-all algebraic
elimination. The implicit formulation of vorticity boundary condition

is given in Appendix F and was used for all predictions.

(ii) At high twist ratio and/or high Reynolds number (usually aRe> 300),
the source term of vorticity equation became very Tlarge causing the |
value of vorticity to alter greatly from the previous iteration. This
caused the stream function to change greatly as vorticity appeared in

the source term of the stream function eguation. The greatly altered
stream function perturbed the flow further. Date [3] has used the so-
called multi-pocint circulation adjustment procedure to cure the
instability. In the present analysis, the more conventional procedure

of under-relaxing the stream function and vorticity eguations proved
Y €4

equally effective.
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Tables 2 through 4 1ist the number of iterations needed for
convergence [with initial conditions as described in Section 4.3c)]
and the maximum residuals for the dependent variables for M = 4, 8, and
12 respectively at several values of o and Re. The number of iterations
to convergence increased rapidly as (i) o increases at a fixed Re, or
(i1) Re increases at a fixed o, indicating the instability due to stream
function-vorticity linkage discussed earlier. Convergence was also
affected by the value of M, and in some cases (notably high o and Re)
rapid rates of convergence were noticed as the value of M increased
from 8 to 12. In all cases, convergence was governed by the stream

function-vorticity linkage; axial velocity consistently behaved well.
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5.0 PRELIMINARY STUDIES

5.1 Straight Finned Tubes

Series solutions for friction factor and velocity distributions
for laminar flow in tubes with internal straight fins are available
due to Soliman and Feingold [11]. Computations were performed to
compare the results of the present investigation with those of [11].
As indicated in Table 5, the agreement on friction factor values is
within 1.3%. The computed velocity distributions at the axis of
symmetry (' = 60/2) are plotted in Figures 6-8 along with the results

of [11] for M = 4, 8 and 12. As can be seen the agreement is very good.

5.2 Tubes with Twisted Tape Inserts

The geometry of a twisted tape insert in a tube is equivalent to
that of a tube with two opposing full fins of zero thickness. 1In
Figures 9-11, friction factor results are compared with those of Date
[3]. At o = 0.1, the agreement is within 8.3%, but the agreement
becomes somewhat worse at higher values of o. Date [3] has reported
that at low Reynolds number (Re <~100), the friction factor data converge
on the value for a straight circular duct irrespective of the value of
the twist ratio. In the present investigation, friction factor
approached almost a constant value at Tow Reynolds number (Re <-.50),

but always remained greater than the value for the o = 0 case. To
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explore the probable cause of the discrepency, computations were
performed at o = 0.5 and Re = 515 and 700. The distribution of
resultant secondary velocity as reported by Date [17] for o = 0.5 and

Re = 515 shows certain anomalies. Physically, Vs/vz,m should increase
Tinearly with radius to reach a maximum value near the tube wall; and,
on solid walls, Vs/vz,m should be zero in view of the no slip condition.
This type of pattern was obtained in the present computation (Figure
12). Qualitatively similar distribution was also reported in [18] for
turbulent flow in tubes with twisted tape inserts. On the contrary,
Date's [17] results indicate a trend whereby Vs/vz,mis largest near

the center node (See Figure 12). In addition, Date's secondary velocity

data indicates that VS/VZ is higher near tape surface 0-A than it is

M
near C-D which is unrealistic.

In Figure 13, the equivelocity lines [VZ/VZ m] are compared with
[17] for o = 0.5 and Re = 700. The effect of twisting in the asymmetric
pattern of velocity profiles is more pronounced in the present

prediction.

The aforementioned anomalies in Date's [3, 17] predictions may
be mainly due to the error in his formulation of vorticity source term

which is reproduced here: [also see equation (3.22)]

oV
wo_mr' ez o1 8 8vy  oomr' 3 oy
d S [ael {Y'I ar; (Y‘ ) S BY" (vzy\ )f

avZ { 32\{1 _ QTTY‘I Z} ]
or' or'an! S 28!
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Besides, his implicit formulation for vorticity boundary condition is
inconsistent with the successive substitution formula, equation (4.1),
from which it has been derived. In addition, Date's [17] method for

removing. instability due to stream function-vorticity Tinkage appears

to be in error due to omission of density (p) throughout the analysis.

Since Date's work, experimental isothermal friction factor
results have become available through Marner and Bergles [2] for
laminar flow in a tube with twisted tape insert. Their results for
.’& = 0.5 are indicated in Figure 11 and compare well with the present

*
predictions based on 8 = 0 .

In view of the above, it was concluded that the prediction
scheme (as developed) was performing satisfactorily. The main
predictions involving M > 4 were then undertaken, and the results are

presented and discussed in the next section.

X
The test section used in [2] corresponds to g = 2.58°,

However, with M = 2 the effect of finite thickness will
be minor. Also, since f and Re are independent of the
fluid properties, the present predictions are directly
comparable with the results of [2].
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6.0  RESULTS AND DISCUSSION

Selected samples of the distributions of axial velocity, resultant
secondary velocity, and local wall shear stress are presented in Figures
14-45. The effects of twist ratio and Reynolds number on predicted
friction factor values are shown in Figures 46-51. Certain characteristics
of the flow are given in Tables 6-8 and the friction factor data are
listed in Tables 9-11. Local values of axial velocity and resultant
secondary velocity are given in Table 12 for several values of M, a, and

Re.

6.1 Axial Velocity Profiles

The effect of increasing o from 0.1 to 0.5 at Re = 1000 on the
axial velocity distribution is shown in Figures 14-16 for M = 4. At
o = 0.1 (Figure 14), the equivelocity lines are almost symmetrical about
the central plane and the effect of twisting is noticeable only as a
relatively small shift of the peak of the axial velocity in the
direction opposite to the fin twisting. This is due to the small
magnitudes of secondary velocities generated; the mean resultant

secondary velocity, V , being only 6.5% of the mean axial velocity,

s,m
Vo (See Table 6). As the twist ratio is increased, the secondary

velocities generated become increasingly significant ([VS/Vz,m]mean =
20.4% at o = 0.3 and 34.4% at o = 0.5) causing the flow path to become
increasingly helical. The axial velocity distribution, consequently,

becomes increasingly asymmetric about the central plane and the peak



is shifted increasingly away from the central plane in the direction
opposite to fin twisting (See Figures 15-16). Because of the helical
nature of the flow, the fluid particles with greater velocities move
outwardly towards the solid walls thus increasing the velocity gradients
near the walls. For a constant mass flow rate, continuity can only be
satisfied by a relatively flatter velocity profiles. This fact is
evidenced in Table 6 where a decrease in [Vz/vz,m]max is noticed as «
increases; the decrease being more significant at higher Re due to
larger secondary velocities generated. For example, for an increase in
o from 0.1 to 0.5, the flattening (decrease in [Vz/vz,m]max) is 0.91%
at Re = 10 as compared to 11.49% at Re = 600 and 13.10% at Re = 1000.
The effect of increasing Re from 100 to 1000 at a = 0.4 on the
axial velocity distribution is shown 1in Figures 17-19 for M = 4. At
Re = 100 (Figure 17), the effect of twisting is negligible; the
equivelocity Tines are essentially symmetric about the central plane
where the peak of the axial velocity (differing insignificantly from
the value for o = 0 case) is also located. The effect of twisting
is, however, apparent at Re = 500 and Re = 1000 (See Figures 18-19).
1t is seen that as the Reynolds number is increased, the profiles
again become increasingly asymmetric and the peak of the axial velocity
is shifted increasingly away from the central plane. As can be seen
from Table 6, flattening with Reynolds number is greater at a higher
twist ratio viz., for an increase in Re from 10 to 600, the decrease

in [Vz/vz,m]max is 2.40% at o = 0.1 and 12.82% at o = 0.5.  Similarly,
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the decrease is 9.00% at o = 0.2 against 14.65% at o = 0.4 when Re is

increased from 10 to 1000.

The effects of o and Re on the axial velocity distribution are
shown in Figures 20-25 for M = 8 and 12. As can be seen, the affects
are qualitatively similar to those described above for M = 4. At
small o or small Re (Figures 20, 22, 24-25), the effect of twisting is
minor. However, as o (at fixed Re) or Re (at fixed a) is increased,
the profiles again become asymmetric and flatter. The shift in the

. . . _
Tocation of [Jz/vz,m]max is less for M = 8 and 12 as compared to that

for M = 4 due to relatively smaller flow area. In general, flattening
with Re decreases as M increases. For example, at o = 0.3 the decrease

in [Vz/vz,m]max is 13.03% for M = 4, 10.01% for M = 8, and 6.71% for

M= 12 as Re increases from 10 to 1000. Flattening with o shows no
distinct pattern as M is increased. At Re = 10, flattening is 0.91%
for M = 4, 2.67% for M = 8, and 3.33% for M = 12 when o increases from
0.1 to 0.5 whereas the corresponding increase in flattening remains
almost constant with M at Re = 1000 (13.1% at M = 4, 14.01% at M = 8,

and 13.86% at M = 12).

aP /306"
In Tables 6-8, the maximum value of —- [—2

"o dP/dz’
several values of «, Re, and M to indicate the significance of the
oP
L 0
term ro 5 T
axial pressure gradient,é%i. The magnitude of the term fi [————
o dP/dz'

1 9s listed at

in the axial momentum equation (3.21) relative to the
oP /929!
]

increases with o and Re irrespective of the value of M.
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Date [3] has reported that for flow in tubes with twisted tape
inserts, the axial velocity distribution shows two peaks at high twist
ratio (o = 0.7) and high Reynolds number (Re =~ 1200). From the axial
velocity profiles presented here, occurrence of two peaks seems Tikely
for M= 4 at o > 0.7 and Re = 1000. For M > 4, such peaks may not
exist due to smaller inter-fin spacings. However, in view of Date's
[3, 17] errors as mentioned in Section 5.2, no conclusive statement

can be made in this regard.

6.2 Secondary Velocity Profiles

Secondary velocities are generated due to twisting of the fins.

Since the flow is guided by the fins, the flow is in the direction of

fin twisting everywhere in the flow field. This fact is evidenced in

Figures 26-27 where the resultant secondary velocity vectors normalized
by the mean axial velocity value are plotted for M = 4 and 8
respectively at o = 0.5 and Re = 1000. Length, direction, and tail of
the arrows respectively represent magnitude, direction, and Tocation

of the resultant secondary velocity ([Vs/vz,m]) vectors. The magnitude
of resultant secondary velocity increases with radius to reach a
maximum value near the tube wall whereafter it decreases to become

zero on the wall. The distribution of velocity components are
asymmetrical about the central plane (See also Table 12). As can be
seen from Tables 6-8, the magnitudes of secondary velocities increase

with twist ratio indicating that the flow becomes increasingly helical
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as the twist ratio is increased. The magnitudes also increase with
Reynolds number as the helical flow speeds up although, as expected,

the ratio [Vs/vz,m]mean remains almost constant. At a given twist ratio

and Reynolds number, [VS/V ] increases with M due to increasingly

Z,m-mean
smaller flow areas involved. In the present investigation the mean value

of \’S/VZ - was found to lie between 0.062 to 0.365.

6.3 Distribution of Local Wall Shear Stress

The variation of local wall shear stress normalized by the average
value over the entire cross-section is shown in Figures 28-45 where
the left distribution corresponds to fin surface 0-A and right
distribution to C-D as per Figure 4. Table 6-8 include average values

of shear stresses along the tube wall, fin surfaces, and over the entire

it

cross-section based on ro

Figures 28-30 deal with M

0.02 m and air as the working fluid.

4 and Re = 1000. At o = 0.1 (Figure 28),
the distributions along the fin surfaces are only slightly asymmetric
(t,, = 0.3313 1072 W/m® and T = 0.3921 X 1072) while along the
tube wall (Tabc = 0.3960 x 10_2 N/m?), the distribution is almost
symmetric with a peak occurring midway between the fins. This was
expected in view of the small secondary velocities generated and the
distribution of axial velocity already discussed. At o = 0.3 (Figure
29), the distributions on the fins become asymmetric. These shear

stress distributions along the fin surfaces are characterized by a

terrace 1ike shape along the fin surface 0-A with a peak value that

T AR R

OF MARITOBA

A i!BRAR\‘i:%M r

B e



43

is about 33% lower than that for fin surface C-D. The distribution
along the tube wall also becomes somewhat asymmetric with the peak
shifted in the direction opposite to the fin twisting. Average shear
stress along fin surface C-D is higher than that along fin surface 0-A
by 0.1745 x]O_ZN/mz. A further increase in o to 0.5 causes the shear
stress distribution (Figure 30) to become more asymmetric, both along
the fin surface and the tube wall (Toa = 0.6423 x 10"2 N/m?, Teg =

0.8795 x 1072 N/m? and Tabe = 0.6373 x 1072 N/m?) as the secondary

b
C s , e — A e
velocities generated become significant ([Vs/vzgm]mean 34.4%). As
can be seen from Table 6, the effect of increasing twist ratic on the
distributions of wall shear stress is significant only at higher
Reynolds number; at low Reynolds number, e.g. Re = 10, the average wall

shear stresses on both fin surfaces are almost the same.

The effect of increasing Reyno]ds number from 100 to 1000 at
@ = 0.4 on the distributions of wall shear stress is shown in Figures
31-33 for M = 4 and is the same as already discussed; asymmetry is
significant only at Re > 500 and o > 0.2 (see also Table 6). However,

it should be noted from Tables 6-8, that even at very low Re and «,

i

e.g. Re = 10 and o = 0.1, the average wall shear stresses are somewhat

H

greater than the a = 0 case due to which friction factor is always
greater than for the o = 0 case. This point is discussed Turther in

the next sub-section.

Similar affects are associated with the distribution of shear
stress for M = 8 and 12 (See Figure 34-45) with the following

exceptions:
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(i) The distribution along the tube wall is almost symmetric even
at high o and high Re, e.g., M = 8, @« = 0.5, and Re = 1000

(Figure 36).

(ii) For M = 12, the terrace Jike shape as discussed in connection

with M = 4 is not found (Figures 40-45).

Both (i) and (ii) above are due to the relatively smaller flow °

area available for M = 8 and 12.

6.4 Friction Factor

For a tube with straight fins the product fORe depends on M, H,
and B and is a constant for a given combination of these parameters.
However, with finite twisting fRe becomes additionally dependent on
o and Re. The ratio of predicted friction factor (f) to the value (fo)
for a tube with straight fins is listed in Tables 9-11 for several
combinations of M, o, and Re. Computed values of fORe along with those
due to [11] are given in Table 5 for M = 4, 8, and 12. In Figures
46-48, the variation of f/f0 with o is plotted at several Reynolds
number for M = 4, 8 and 12 respectively. In general, f/fo increases
non-linearly from 1.0 (at « = 0) to a maximum value (at o = 0.5) which
depends on the combination of M and Re. For example, at M = 4 and
Re = 1000 the maximum value of f/fo is 2.297 indicating an increase
of 129.7% in friction factor over the value for a tube with straight

fins while the corresponding increases are 118.6% for M = 8 and 103.8%

for M = 12. At low twist ratios (= 0.05 for M = 4, 0.1 for M = 8,
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and 0.2 for M = 12), f/fo is somewhat independent of Reynolds number.
This is due to the small magnitudes of secondary velocities generated;
consequently, the contribution of the gradients of secondary velocities
e towards the pressure drop is insignificant (See equation (4.12)).
However, due to the additional term involving the derivative of the

axial velocity and the fact that Aa/Ao >1 (See Tables 6-8), f/fo always

remains greater than unity.

The effect of Reynolds number on predicted values of f/fo is
shown in Figures 49-51 for M = 4, 8 and 12 respectively. At low Reynolds
number (up to Re = 100), the increase is insignificant due to small
secondary velocities generated and the consequenées thereof as discussed
earlier. A further increase in Re causes f/fo to increase in a somewhat
exponential fashion. A Tower value of M yields a greater increase in
f/fo value in the latter region. For example, the associated increase
in f/fo for an increase in Re from 10 to 1000 at o = 0.5 is about 61%
for M = 4 while at M = 12, the corresponding increase is only about 13%.
This is due to the reason that at higher values of M, the increase in
f/fo is governed by the mere presence of fins and the secondary flows

generated due to twisting become of minor significance.

6.5 Empirical Correlations for Friction Factor

The dependence of f/fO on o and Re can be described by the

following empirical formulae:
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1+ a1 Re?2 for Re < 100

-—ﬁ
o‘”"

(100)%2 o®1 + explage (Re - 100)] for 100 < Re < 1000

where the coefficients ays Ays and ag depend on the value of M and are

given below along with the standard deviations and maximum (absolute)

errors:

a a a s s Maximum Error
M 1 2 3 Standard Deviation (absolute)
4 1.19 0.040 0.001740 2.397 4,469
8 1.05 0.060 0.00090 2.907 7.493
12 1.02 0.118 0.00020 3.691 9.710

Standard deviation and maximum (absolute) error were defined, respectively,

as:

Standard Deviation

N 1
_ 2 2
[§ {(f/fo)corre1ated (f/fO)predicted} /N]
- x 100
Average (f/fo) correlated
Maximum (Absolute) Ervror
- (f/'o)corre1ated ) (f/foipredicted « 100
(f/fo) correlated

max
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7.0  CONCLUDING REMARKS

The following conclusions can be drawn from the results of the

present investigation:

1) The axial velocity distribution becomes increasingly flatter and
asymmetric about the central plane as the twist ratio or Reynolds number

is increased.

2) The main flow in the axial direction is guided by the fins.
Secondary velocities are, therefore, present due to twisting of the
fins, and they increase in magnitude as (i) twist ratio is increased
causing the flow to become increasingly helical; (ii) Reynolds number

is increased causing the helical flow to speed up.

3) The circumferential velocity is in the direction of fin twisting
everywhere in the flow field. Thus, the flow does not represent

recirculation,

4) The magnitudes of local wall shear stresses increase with twist
ratio and Reynolds number as the axial velocity distribution becomes
flatter and the magnitudes of secondary velocities generated become

significant.

5) The distributions of local wall shear stress on the fin surfaces
and, in some cases (notably high twist ratio and Reynolds number) on
the tube wall, are highly asymmetric. The average wall shear stress

on fin surface C-D is higher than on 0-A (See Tables 6-8).
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6) Friction factor increases non-linearly with twist ratio and
Reynolds number and is always greater than the value for a tube with

straight fins. The effect of Reynolds number is, however, noticeable

only for Re > ~ 100.
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8.0  RECOMMENDATION FOR FUTURE EXTENSION WORK

Several extensions of the present work are possible. A few topics

are listed below:

i) Momentum transfer characteristics for fully developed laminar

flow in tubes with spiral fins of finite thickness and finite length.
This will require specification of boundary conditions for vorticity,
stream function, and axial velocity on r' = 0, 0 <8 <6, 6" =0,

0 <r' < rys and 8' = 60, 0<r'c< rs (See Figure 1). Efforts are

already underway to predict friction factor characteristics for this case.

i1)  Heat transfer characteristics for fully developed laminar flow in
tubes with spiral fins of finite thickness and finite Tength for
constant heat flux and constant wall temperature boundary conditions

including the effect of finite fin conductance.

ii1) Laminar fluid flow and heat transfer characteristics for flow

through annuli with internal spiral fins.
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APPENDIX A

FORMULATION OF LOCAL WALL SHEAR
STRESS AND THE MEAN PRESSURE GRADIENT

The stress tensor in (r, 6, z) corrdinate system is [15]:

oV
- Y‘—_?_ Q_‘)
Ty T ¥ g - 5 (V1))
3V v
_ 108,y _ 2 s,
The = 0 2 5t ) - 5 (0
oV
- z 2 (3.7
Tz M {2 5z 3 (V1)
v oV
- - 9 ( By, .1 _ r
Trg = Tgr M {rﬁ?'( r )+ r 96 }
3V 3V (A.T)
T = T :U{..__e.{-l__g}
6z z9 3z r oo
r rz ar 9z
VvV aV
CRVALERE 16
where  Vey = oo o% (rvr) vt

These stresses are transformed in (r', ©', z') coordinate system
using the condition of fully developed flow and noting that VeV is zero

in view of the continuity equation.
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avr
Tpp = 20 Fpr
vV vV
_ 26, r
Tog ~ 2u (r' 29" * r')
oV
T = 2u e 7z
zZ r @'
)
v v
- - ¢ 0 0y, b _r
Tro ~ Topr M {r or’ (r') T 86'} (A.2)
oV aV
- - o 6,1 'z
Toz T Tze T H (ro Bt 5
avz o avr
Top = Tpz T U(5F7‘+ ?;'5570
J
The total axial shear stress is, therefore:
ez T T2 T T T Ty
y o SVZ “ ave aVZ “ avr
= —_ ' —_— 4 —_— _ e
r' (1+2 o r') 96! H o 38! *u (ar' * o 86') ’ (A.3)

In view of the no-slip condition, the expression for local axial wall

shear stress is simplified as follows:

Tube Wall

_ BVZ
’r = e

tz H gy (A.4)
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T T LV
o L) 00 00

tz

The average wall shear stress can now be obtained by evaluating the

following integral numerically:

-
T, = T dA_ . (A.6)
av AC Ac tz C

Where AC is the total surface area of the tube and fins in an axial

length dz' of the tube and is evaluated as follows:

A, = jA an, (A.7)

where,
5 1
dA = rde'dz' + 2 {1 +q (r'/r 023" dridz! +
Tube Wall Fin Surfaces

{1+ o2 (ri/ro)z}% rido'dz" (A.8)

Fin Arc
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r 1
1 [ [¢F “ + OLZ(Y‘i/Y‘O)Z}Z dr! +

"

Fin Surfaces

B
r.dz' ds’
i
-8
+
r. r

o
0

,fOY‘g>O

r B

O dr' + Mridz‘ [ ds’
r, 8
rfaces Fin Arc

Y.

1 1
r1 )2+~9{£n(a+(1+u2)5)-2n(a?l' +

0




57

= lT_ - g - 1 t
= ZMPO(M ) dz' + 2M( ri) dz' + 2Mr16 dz

r
0

Tube Wall Fin Surfaces Fin Arc (A.10)

A force balance over a control volume of length dz' yields:

Q.[D..
N | T
o
N
I
"
=

thus,

alo.
N o
o
N
™

= (A.11)

where

3>
]

fa = T (m-MB(2H - H?)} (A.12)
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APPENDIX B

DERIVATION OF FINITE DIFFERENCE EQUATION

The general elliptic partial differential equation for any

dependent variable ¢ is:

a {Ji'(

BY
6 5o

3 oY
¢)8Y‘| t( )}"

" e 9 g

Convection Terms

_9_ 9 _ 0 9 \
Diffusion Terms
+d = o
Scurce
Terms

The integration of equation (B.1) is performed over the control
volume, shown in Figure 5 in cross-section, which enclosed the node P.
The sides of the control volume are supposed to lie mid-way between the

neighbouring grid lines. The integral to be evaluated is:
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Y‘r'] (eé d oY 3 ay
J J a { ( arll) - aY‘l <d>

Convection Terms

r‘i 81
{” Je 9 3 9 5 o
- [g@T‘ {b] YL (cd)} - =+ {b T (co)}] dride' +

Diffusion Terms

6 ]
{ € d dr'de' = o
W Source Terms

Convection Terms (Icon)

art’e T wo torw
rS
S 3y £
“ay S G, - e G0 (5.3)
W

where a¢ is a constant.

Here only one of the four integrals in the equation (B.3) will be

evaluated.
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For well behaved functions ¢ and ¥, there exists an average value of

¢o> denoted by 5e’ such that

Jré
oY '
rg ¢ (5;7) dr

e e
¢g =

r e
|G, o
Y‘S

) Ic]

NN
acb(vne 1Jse

thus Ic] = a¢¢e (\Pne—\yse) . (B.4)

Following the upwind-difference scheme described by Gosman et al [16],

Ic] is expressed as

(v =% ) -]¥ -y |
Ic] _ a¢ [¢E (—nhe se 5 ne_sey
(v =y )+ |v -y |



The value of stream function at a particular corner of the control
volume is assumed to be equal to the average of the value on the four

neighbouring nodes.

Similar
(B.3).

term is

Icon

=9
g oy T Yy

expressions can be obtained for other integrals in equation

For example:
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After minor re-arrangements, the final expression for convection
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Diffusion Terms (IDIFF)

Y.l
_ n 3 3 ;
Torrr = J , LU0y ggm (e0)g - 10y 5gr (co)} Tdrt
s
y [ [{b, =2 (c6)} - {b, =2 (co)} ] do (B.9)
2 or' n 2 ar' ¢ S
e‘l
w
n 3
Let ID1 = J {b1 567-(c¢)}e dr
Y“
s
The following assumptions are made:
by o = (by p * by g)/2,
’and
C,E ¢ -~ c,P ¢
[or (c0)], = ——E a
el - el
E p
! | i - vs) (8.10)
Thus Iy = Z—(b19P + b],E) (c,E ¢E - c,P ¢P) T@g*j”ggy . .

Evaluating the remaining integrals in equation (B.9) along the same

Tines, the following expression for diffusion terms is obtained:
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Intrr = Bp (c,E op - C»P ¢P) + By (c,N ¢y - CsP ¢P) +

where

(eé—ew) (B.12)

ra eé
ISOR = J ; J ‘ d drids
8
S W

It is assumed that d is uniform over the control volume and takes on
the value at node P. Thus, the following can be approximated:

1 ~ d,P Vv

SOR p oo (B.13)
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where

Combining the convection, diffusion and source terms, one obtains:

% = Lpop ¥ Gy * Cyoy * Cgog + D, (B.14)
where

Cp = (A + By CLE)/T,; »

Cy = (A + By Cul)/Z,

Cy = (Ay * By caN)/Zyp (5.15)

Ce = (A. + B ¢,8)/2

S S AB ~’

b = dap'VP/ZAB 5

Zap = Ao + A +c,P (B +B,  + B, +B

g T A TA F T Byt Byt Bg)
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APPENDIX C

FINITE DIFFERENCE REPRESENTATION OF DERIVATIVES

1) First Derivatives

First derivatives of a general variable o with kespect to spatial

variables r' and 6', at the node P, can be put in central difference

form as:
(JML) _ (hS/hﬂ)(¢N—¢P) + (hﬂ/hS)(¢P‘¢S) , (C ])
or'’p (h +h ) ’
s n
and

(l. iﬁL) _ (hw/he)(¢E—¢P) + (he/hw)(¢P'¢w)
r' 36'/P (he’*'hw) ?

vihere he’ hw’ hn’ and hS are the distances shown in Figure C1.

When the grids are uniformly spaced, the above relations reduce

to:
(30 . *N%s
or'’p 2h
and
A R ey
r' 38'/p 2h'
where
h = hs = hn
and
h' = h_ =nh

(C.2)
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Sometimes it is not possible to express the derivatives in the
central difference form as the values of the variables on both sides of
a node (see Figures C2 and C3) are not available. In such cases, the
derivatives can be expressed in forward or backward difference as

follows:

Forward Difference

(iﬁL) AT+A2 2AT+A2
ar't /1

- i Al i
T 0 AT a2 3 A2 (AT+AZ) % AT(ATHA2Y . (C.3)

Backward Difference

B0y L, _A2+2al . plenp AT
Gr)y = 0 BT(aTea2T " %2 ATis 0y M(ATER2Y (C.4)

For uniformly spaced grids, Al=A=A2. Thus equations (C.3) and (C.4)

reduce to:

or! A 28 2 (€.5)
and
%, _3 %1 2 1 %3 .
(5074 = 5 3 "8 % T3, respectively. (C.6)

Equations (C.3) through (C.6) are also valid for derivatives with

respect to 6' provided A's represents distances in the ¢'-direction.
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2) Second Derivatives

Second derivatives can be represented in finite difference form

by using the formulae for first derivatives already developed in this

Appendix. For example:

go, _ s/hy) TGy - (Br + (/) (25, - (24 )

( - ar
or'2/p (h "+ h)
S n
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Figure C.1: Central Difference

FIN SURFACE
82 | 4

Figure C.2: Forward Difference

FIN SURFACE Al A2

Figure C.3: Backward Difference
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APPENDIX D

DERIVATION OF BOUNDARY CONDITIONS FOR VORTICITY

Tube Wall

Following Date [17], in the near wall region, the following velocity

profiles are assumed:

Vg =ay + by?

Vr =0 (D.1)
and

VZ = Cy

“where a, b, and ¢ are constants and y is the distance from the wall

(see Figure 5).  Thus the definition of vorticity, equation (3.15),

gives:
2
w= (a+ 2by) - A2 *Db (D.2)
r.-y
e
and the definition of stream function, equation (3.17a), gives
oY _ 2 L G o2
3y o {ay + by® + r ¢ (roy - y*)} (D.3)
where
c =Y
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From equation (D.2), the vorticity at y=o and y=n are:
w._ = a, and (D.4)

(r -2n) (2ro-3n)

0 .
= w + bn respectively.
“no 0 (ro—n§ Zro—ni ’ P y

Integrating equation (D.3) from y=o to y=n and substituting the values
of a, b, and c, the following expression for W, is obtained after some

algebraic manipulations

6(3n - 2r,) (v, - Yool 2(n - ry)

o T Tn = 4r0) on? " (Bn - 4r05 “no ~

(3r0 -2n)  (3n - Zro)
n(bn - 4r0) zZ,no °

&
v
6]

Fin Surface

The following velocity profiles are assumed in the near wall

region:
Ve =0
V., =ay+ by? (D.6)
VZ = cy

where

y - Y,lel



/1

Following an analysis paralleling that for the tube wall, one obtains:

3(y. -y )
- 0 no” 1
W, — 7 Wy - (D.7)
Center Node
This boundary is treated as one of zero radius. The following

velocity profiles are assumed in the region near the center node:

Vg =ar' +br'?

Vo =0 (D.8)

VZ = Ccr

An analysis similar to those for the tube wall and fin surfaces finally
yields:

_ 36 _ 4 a 12
Wy = T g oW ot Vv (D.9)

on no - rg 5 Yz.no
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FLOW CHART AND LISTING
OF THE COMPUTER PROGRAMME
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INPUT PROBLEM SPECIFICATION
DATA , ESTABLISH GRID
COORDINATES AND PRINT THE SAME

¥
INITIALIZE
VARIABLES ¢b's

§

COMPUTE DIFFUSION
AND VP TERMS
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(_cm_s, SHEAR L =
S

SHEAR
CALCULATES
LOCAL SHEAR

STRESSES AND

MEAN PRESSURE
. GRADIENT

¥

PRINT - OUT
NEEDED 7

EQN -

EQN
PERFORMS ONE
CYCLE OF
ITERATION

NO

YESJ“{V CALL PRINT )=

L

PRINT

PRINTS OUT VALUES
OF VARIABLES

-s-@x LL OUTPUT)-+

— [TERATION AND PRINT OUT
CONTROL LOOP

MAXIMUM NUMBER OF
ITERATION COMPLETED ?

OUTPUT
PRINTS OUT RESIDUALS

YES

yNO

3

CONVERGENCE CRITERION
SATISFIED ?

YES |,

¥

)
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BULK

CALCULATES

(caLL BuLK T

CALCULATE
FRE

i

BULK VELOCITY

CCALL VELDlSt)
!

VELDIS

COMPUTES
SECONDARY VELOCITIES

(caLL BOUND )

|

/
(cALL PRINT )

BOUND

CALCULATES VORTICITY
ON BOUNDARY NODES

PRINT RESULTANT SECONDARY
VELOCITIES , 9P, /98,

FRE , AND BULK VELOCITY

(cALL OUTPUT )

STOP
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\
@ALL SOURCE 1
.

SOURCE

COMPUTES
SOURCE TERM

CCA LL CONVEC V.
e

CALCULATE o¢p

UNDER-OR-OVER
RELAX

\

CALCULATE RESIDUALS

X
NO | CALCULATION PERFORMED

ON ALL INTERIOR NODES ?
YES

iMPLICIT FORMULATION
FOR BOUNDARY NODES

§

CONVEC
COMPUTES
CONVECTION
TERMS

STREAM — FUNCTION SUB -CYCLE
SIMILAR TO VORTICITY SUB - CYCLE,

BUT CONEV NOT CALLED




VELOCITY SUB - CYCLE

SIMILAR TO VORTICITY
SUB-CYCLE

QCALL. 'BULKD
/

CONSTRAIN VELOCITY
FIELD TO KNOWN
BULK VELOCITY

/

UPDATE SECONDARY

- PRESSURE GRADIENT

PERIODICALLY

 CALL PSS )

COMPUTES

| SECONDARY
1 PRESSURE

GRADIENT
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CcC
CC
CcC
CC

e

CC

CC

CC

CC

cC

CcC

CcC

CC

CC

*
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IMPLICIT REAL (A~H,0-2)
DIMENSION A(20,20,5),VZVM(20,20),DPDTHA(2C,20),RSDU(3),
RES(3),CC(3),RP(3),VSWV(20,20),DUDR(20),DUDT1(20),DUDT2(20),
STREAM(20,20),DIREC (20, 20)

COMMON /CG/ X1(20),X%X2(20),VP(20,20)

COMMON /CB/ BE(20,20,3),BW(20,20,3),BN(20,20,3),B5(20, 20, 3)
COMMON /CP/ RSS(20,20,3),UB

COMMON /CR/ KNF,FH,R0,AF,PS,AL,ROW,AMEW,NITER,BETA
COMMON /CX/ AREA,AVG,SUM1,SUM2,SUM3,AREA1,AREA2,AREA3,AVG]1,AVG2,
AVG3

R T T T TR LT F T T PRt R e P Y E kL ]
SPIRAL FINS OF FINITE THICKNESS AND FULL LENGTH
DIMENSIONAL FORMULATION

A A AN A A A R A A R AR A A R A A N X R AR T A AR R AR R AR A AR AR AR A AT AR %%
DATA IN,JN,KN /20,20,5/

DATA NW,NF,NVZ,NV1,NV2 /1,2,3,4,5/

DATA IEN,IV /3,5/

DATA RSDU /3%0.0/

DATA DPDTHA /400%0.0/

DATA VSVM /400%0.0/

DATA STREAM /400%*0.0/

NMAX=1

NPRINT=3000

NP=25

NOP=1

NOT=1

CONVERGENCE CRITERION

CC(NW)=0.001

CC(NF)=0.001

CC(KVZ)=0.001

RELAXATION PARAMETERS

RP(NW)=1.0

RP(F)=1.0

RP(NVZ)=1,0

DIMENSIONLESS FIN HIGHT

H=1.0

TUBE RADIUS ( METERS )

R0=0.02

FIN HIGHT ( METER )

FH=H*R0 )

RADIUS AT THE TIP OF THE FIN ( METER )

RI=RO~FH

NUIMBER OF FIKS

NNF=8

HALF FIN ANGLE

PI=3.14159

BETAD=3.0

BETA=BETAD*PI/180.

TOTAL FLOW AREA ( SQ. METERS )

AF=RO*R0* (PI-NNF*BETA* (2. *H~H*H))

TWIST RATIO

AL=0.3

IF(AL.EQ.0.0)CC(NVZ)=0.00001

PS=AL/RO



cc DENSITY OF AIR ( KG/CU. METER )
ROW=1.204

cec VISCOSITY OF AIR ( KG/M-S )
AMEW=1.817 E-05

cc REYNOLDS NUMBER
RE=1000.

ce MASS FLOW RATE
FRATE=RE*PI*RO*AMEW/2.

cC BULK VELOCITY
UB=FRATE/ (ROW*AF)

CC COMPUTE GRID COORDINATES

cc CIRCUMERENTIAL DIRECTION
ALPHAR=2.%* (PI/NNF-BETA)
Ni=15
X1(1)=0.0
PO 1 I=2,N1
X1(I)=¥1(I-1)+ALPHAR/(N1-1)

1 CONTINUE

cC RADIAL DIRECTION
N2=15
¥2(1)=0.0
DO 2 J=2,N2
X2(J)=X2(J-1)+R0/ (¥2-1)

2 CONTINUE

cC PRINT OUT COORDINATES
PRINT 500, (X1(I), I=1,N1)
PRINT 510, (X2(J), J=1,N2)
PRINT 560, NNF,FH,AL,NMAX,RE,UB
PRINT 557, CC(NW),CC(NF),CC(NVZ)
PRINT 570, (RP(K), K=1,IEN)

cC INITIALIZE FLOW FIELD
IDATA=0
IF (IDATA .EQ. 0) GO TO 34
DO 35 K=1,3
DO 35 J=1,N2
READ (1,400) (A(I,J,K), I=1,N1)

35 CONTINUE
DO 36 J=1,N2
READ (1,400) (DPDTHA(I,J), I=1,N1)

36 CONTINUE
CALL VELDIS(IN,JN,EM,A,N1,N2)
GO TO 37

CC AXIAL VORTICITY ( 1/SEC )

34 DO 20 I=1,N1

DO 20 J=1,N2
A(I,J,NW)=0.0

20 CONTINUE

CC STREAM FUNCTION ( KG/M-S )
DO 30 I=1,N1
DO 30 J=1,N2
A(I,J,NF)=0.0

30 CONTINUE

cC AXTIAL VELOCITY ( M/S )

DO 40 I=1,N1



DO 40 J=1,N2
A(I,J,NVZ)=UB
IF(I -EQel »ORe I «EQ. N1 .OR. J «EQ. 1 «OR. J .EQ. N2)
* A(L,J,NVZ)=0.
40 CONTINUE
cc SECONDARY VELOCITIES ( M/S )
DO 50 K=NV1,NV2
DO 50 J=1,N2
DO 50 I=1,N1
A(I,J,K)=0.0

50 CONTIKUE
cC SET RESIDUAL FIELD TO ZERO
37 DO 60 ¥=1,3

DO 60 I=1,N1
DO 60 J=1,N2
RSS(I,J,K)=0.0

60 CONTINUE

CcC COMPUTE VP TERMS
INM{=K1-1
JNM=RK2-1

DO 70 J=2, MM
DO 70 I=2,IMM
VP(I,J)=0.25% (X1 (I+1)=-X1(I-1))*(X2(J+1)-X2(J-1))
70 CONTINUE
cC COMPUTE DIFFUSION TERMS
FK=NW
IF (AL.EQ.0.0)KK=NVZ
DO 80 K=KK,NVZ
DO 80 J=2, MM
DO 80 I=2,INM
B=X2 (J+1)~-X2(J-1)
=X1(I+1)-X1(1)
D=X1(I)-X1(I-1)
E=X1(I+1)-X1(I-1)
F=X2 (J+1)=-¥2(J)
G=X2(J)-X2(J-1)
RSQE=2.0*AMEW* (1.0/%X2(J) + PS*PS*X2(J))
RSQW=RSQE
RSQN=AMEW* (X2 (J+1)+X2(J))
RSQS=AMEW* (X2(J-1)+X%2(J))
IF (K.NE.NF) GO TO 103
RSQE=2.0/(ROW*X2(J))
RSQW=RSQE
RSON=(X2 (J+1)+X2(J))/ROW
RSQS=(X2(J-1)+X2(J))/ROW
103 BE(I,J,K)=0.25%RSQE*B/C
BW(I,J,K)=0.25%RSQW*B/D
BN (I,J,K)=0.25*RSQN*E/F
BS(I,J,K)=0.25%RSQS*E/C
80 CONTINUE
cc COMPUTE BULK VELOCITY
CALL BULK(IN,JN,KN,A,N1,N2,UBAR)
PRINT 558, UBAR
PRINT 580



CC

cC

cC

100

110

cC

cC

CC

cC

cC

700
701
cC

11

16

ITERATION AND PRINT OUT CONTROL LOOP

DO 90 NITER=1,NMAX

CAUSE ONE CYCLE OF ITERATION TO BE PERFORMED
CALL SHEAR(IN,JN,KN,A,N1,52,DPDZ,DUDR,DUDT1,DUDT2)
CALL EQN(IN,JN,KN,A,N1,N2,RP,RSDU,DPDZ,DPDTHA)
TEST IF PRINT OUT TO BE PERFORMED

IF (MOD (NITER,NPRINT).NE.0) GO TO 100

CALL PRINT(IN,JN,KN,A,N1,N2,1,1IEN)

CALL OUTPUT(N1,N2,1,IEN)

IF (MOD (NITER,NP).NE.O0) GO TO 110

F=ABS (DPDZ ) * (RO**5) *ROW*XPI#PI/ (FRATE**2)
FRE=F*RE

PRINT 590, NITER, (RSDU(K),K=1,IEN),FRE
RES(1)=RSDU(1)

RES(2)=RSDU(2)

RES(3)=RSDU(3)

RSDU(1)=0.0

RSDU(2)=0.0

RSDU(3)=0.0

TEST IF CONVERGENCE CRITERION IS SATISFIED
IF(ABS(RES(l))oLEoABS(CC(l)).AND.ABS(RES(2))QLEuABS(CC(Z))
+AND.ABS (RES(3))-LE.ABS(CC(3))) GO TO 120
CONTINUE

EXD OF LOOP

IF (NITER.EQ.NMAX+1) GO TO 140

PRINT 600, NITER

CALCULATE BULK VELOCITY

CALL BULK(IN,JH,KN,A,N1,N2,UBAR)
CALCULATE REYNOLDS NUMBER
FRATE=ROW*AF*UBAR

RE=2.*FRATE/ (PI*RO*AMEW)

CALCULATE FRICTION FACTOR

F=ABS (DPDZ ) * (RO**5)*ROWXPI*PL/ (FRATL**%2)
FRE=F*RE

IF(AL.EQ.0.0)GO TO 700

OBTAIN VELOCITY COMPONENTS

CALL VELDIS(IN,JN,IN,A,N1,N2)

CALCULATE WALL VORTICITIES

CALL BOUND(IN,JN,FN,A,N1,N2)

FINAL PRINT OUT -

CALL PRINT (IN,JN,IN,A,N1,N2,1,IV)

GO TO 701

CALL PRINT(IN,JN,KN,A,N1,N2,NVZ,KVZ)
PRINT 610, UBAR,RE,FRE

AYIAL VELOCITY NORMALIZED BY BULK VELOCITY
DO 11 J=1,K2

DO 11 I=1,N1

VZVM(I,J)=A(1,J,NVZ) /UBAR

CONTINUE

PRINT 15

DO 16 J=1,N2

PRINT 17, (VZVM(I,J), I=1,N1)

PRINT 18, J

CONTINUE

80



CcC

666

28
cC

51

137

139
CC

702

703

32

33
CC

706
cC
704

IF(AL-EQ.0.0)GO TO 702
DIMENSIONLESS STREAM FUNCTION
DO 666 J=1,N2

DO 666 I=1,N1

STREAM (I, J)=A(I,J,NF)/AMEW
CONTINUE

PRINT 27

DO 28 J=1,N2

PRINT 17, (DPDTHA(I,J), I=1,N1)
PRINT 18, J '

CONTINUE

CALCULATE RESULTANT SECONDARY VELOCITY

PRINT 55
BO 51 J=1,N2
DO 51 I=1,K1

VSVM(I,J)=SQRT(A(I,J,NVI)*A(I,J,NV1)+A(I,J,NV2)*

A(I,J,NV2))/UBAR
CONTINUE

DO 52 J=1,N2

FRINT 17, (VSWM(I,J), I=1,N1)
PRINT 18, J

COXTINUE

CALCULATE DIRECTION OF RESULTANT VELOCITY

DO 137 J=2,JNM
DO 137 I=2,INM

DIREC(I,J)=ATAN2(A(I,J,NVI),A(I,J,NVZ))

DIREC(I,J)=DTREC(I,J)*180./PI
CONTINUE

PRINT 159

DO 139 J=2,JNH

PRINT 17, (DIREC(I,J), I=2,INM)
CONTINUE

PRINT OUT RESIDUALS

CALL OUTPUT(N1,KN1,1,IEN)

GO TO 703

CALL OUTPUT(N1,N2,NVZ,NVZ)

GO TO 704

IF (NOP.EQ.1)GO TO 704

DO 32 K=1,3

DO 32 J=1,N2 i
WRITE(2,400) (A(I,J,K), I=I,N1)
CONTINUE

DO 33 J=1,N2

WRITE(2,400) (DPDTHA(I,J), I=1,N1)
CONTINUE

STORE VZVM

DO 706 J=1,N2

WRITE(2,400) (VZVM(I,J), I=I,N1)
CONTINUE

CALCULATE LOCAL WALL SHEAR STRESSES

CALL SHEAR(IN,JN,KN,A,NI1,N2,DPDZW,
PRINT 56

PRINT 17, (DUDR(I), I=1, N1)

PRINT 57

DUDR,DUDT1,DUDT2)
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CcC

667

669

140

500

510

570

560

580

520
600

620

557

s

*

% M O

*

*

*
*

PRINT 17, (DUDTL(J), J=1, N2)

PRINT 57

PRINT 17, (DUDT2(J), J=1, N2)

PRINT 444, DPDZW, AVG, AREA, SUMI,SUM2,SUM3,AREAl,AREA2,AREA3,
AVG1,AVG2,AVG3

CALL BULKS(IN,JN,VSVM,NI1,N2,SMEAN)

PRINT 445, SMEAN

IF(AL .EQ. 0.0 -OR. NOT .EQ.1) GO TO 3

PUNCH CARDS

DO 667 J=1,N2

PUNCH 668, (VZWM(I,J), I=1,N1)

CONTINUE

DO 669 J=1,N2

PUNCH 668, (STREAM(I,J), I=1,N1)

CONTINUE

GO TO 3

PRINT 620, MMAX

CALL BOUND (IN,JN,FN,A,N1,N2)

CALL PRINT(IN,JN,FN,A,N1,N2,1,IEN)

CALL OUTPUT(N1,N2,1,IEN)

CALL BULK(IN,JM,KN,A,N1,N2,UBAR)

FRATE=ROW*AF*UBAR

RE=2.*FRATE/ (PI*RO*AMEW)

PRINT 630, UBAR,RE

CALL SHEAR(IN,JN,KN,A,li1,N2,DPDZW,DUDR,DUDTI,DUDT2)

PRINT 444, DPDZW, AVG, AREA, SUMI,SUM2,SUM3,AREAl,ARFA2,AREA3,
AVG1,AVG2,AVG3

CALL BULKS(IN,JN,VSVM,N1,N2,SMEAN)

PRINT 445, SMEAN

CONTINUE

STOP

FORMAT(“17,10X, “DISTANCE IN ANCULAR DIRECTIOR ( IN RADIANS )/
/(°0°,4F25.6))

FORMAT(’-"///* *,10%, DISTANCE IN RADIAL DIRECTION *,

“( IN METERS )°//(’07,4F25.5))

FORMAT ("0, 10X, "RELAYATION PARAMETERS FOR VORTICITY,STREAM’,
* FUNCTION AND AXIAL VELOCITY ARE RESPECTIVELY --“/°07,
3(10%,F6.3))

FORMAT("-"///" °,10¥,”THE INITIAL INFORMATION SUPPLIED,

© IS ===, *//°0%,10X, NUMBER OF FINS,NNF=‘,I14/°0°,10%,
"FIN HIGHT,FH ( METERS ) =°,F5.2/°0°,10X, TWIST RATIO’,

" AL =°,F6.3/707,10X, "MAXIMUM NUMBER OF ITERATIONS®,

" NMAX=‘,16/°0,10X, "REYNOLDS NUMBER,RE=",FS.1/°0°,10%,
‘BULK VELOCITY,UB=‘,El6.7///)

FORMAT("~-"//" *,10X, MAXIMUM RESIDUAL FOR EACH VARIABLE’/‘0’,
10X, NITER’ ,6X, “VORTICITY ,6X, “STREAM FUN.’,6X, AXIAL VEL’/)
FORMAT(" *,10%,16,4(6X,F11.6),5%,F11.6,5%,F11.6)
FORMAT("~"///" *,10X,“CONVLCRGED SOLUTION REQUIRING ‘,I6,
 ITERATIORS FOLLOWS‘/)

FORMAT (0", 10X, “THE PROCESS DID NOT CONVERGE IN “,I6,

* ITERATIONS”/)

FORMAT(“-", 10X, “CONVERGENCE CRITERION FOR VORTICITY,CC(1l)=",
F11.6/°0°,10X, “CONVERGENCE CRITERION FOR STREAM FUNCTION,®,
CC(2)=",F11.6/°0",10%X, "CONVERGENCE CRITERION FOR AXIAL *,
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* “VELOCITY,CC(3)=",Fll.6//)

558 FORMAT (“-", 10X, “UBAR=",E16.7//)

610 FORMAT(” “///°0°,10%, BULK VELOCITY, UBAR=",E16.7/°0", 10X,
* “REYNOLDS NUMBER, RE=",F11.1/°0°,10X, “FRICTION FACTOR -
* TIMES REYNOLDS NUMBER, FRE=’,E16.7//)

15 FORMAT ("1, 30X, “AXTAL VELOCITY NORMALIZED BY BULK VELOCITY "/
* 70%,129%,73°/ /)

17 FORMAT(“07,7E11.4)

18 FORMAT(“+°,129X%,12)

27 FORMAT( 17,50X, “DPDTHA /)

400 FORMAT(” *,7E11.4)

668 FORMAT (7E11.4)

55 FORMAT(® *///* *,20¥, “SECONDARY VELOCITY NORMALIZED BY ‘,
“BULK VELOCITY’/)

630 FORMAT("-",10X, “BULK VELOCITY, UBAR=",E16.7/°0",10%,

*

* ‘REYNOLDS NUMBER, RE=‘,F8.1//)

56 FORMAT(“~"// “,10X, LOCAL WALL SKEAR STRESSES NORMALIZED -
* “BY AVERAGE WALL SHEAR STRESS’//’-°,10%,°TURE WALL’/)

57 FORMAT("-", 10X, “FIN SURFACE‘/)

444 FORUAT (“-", 10X, "PRESSURE GRADIENT VIA WALL SHEAR STRESS = -
F10.6//° “,10X, AVERAGE WALL SHEAR STRESS =",E16.7//° *,
"SURFACE AREA PER CELL PER UNIT AXIAL LENCTH =",E16.7//7=",10%,
'SUM1=’,E16°7,2X,'SUM2=',E16,7,2x,'SUM3=',E16.7//'~',10x,
’AREAl=',El6»7,2X,'AREA2=',E16°7,2X,'AREA3=',E16=7//'-',10X,
‘AVG1=",E16.7,2X, "AVG2=",L16.7, 2%, “AVG3=",E16.7///)
445 FORMAT (“-", 10X, "MEAN SECONDARY VELOCITY =",L11.4//)
159 FORMAT(*-“, 30X, "RESULTANT VELOCITY DIRECTION'//)
END
ofe SUBROUTINE FOR CALCULATING BULK VELOCITY BY INTEGRATION
SUBROUTINE BULK(IN,JN,KN,A,N1,N2,UBAR)
DIMENSIOK A(IN,JN,RKN),SUM(20),AAA(20,20)
COMMON /CG/ X1(20),X2(20),VP(20,20)
COMMON /CR/ NNF,FH,R0,AF,PS,AL,ROW,AMEW,NITER, BETA
C0=0.0
PI=3.14159
ALPHAR=2.% (PI /NNF-BETA)
DR=R0O/(N2-1)
DT=ALPHAR/(N1-1)
DO 1 I=1,Nl
DO 1 J=1,KN2
AAA(T,J)=A(1,J,3)
IF(I-EQ+1)AAA(TI,J)=CO*A(I+1,J,3)
IF(I.EQ-N1)AAA(I,J)=C0*A(I-1,J,3)
1 CONTINUE
DO 10 J=1,N2
SUM(J)=0.
DO 10 I=1,N1
K=2
IF(MOD(I,2).EQ.0)K=4
IF(I.EQ.1 «OR. I.EQ.N1)EK=l
SUM(J)=SUM(J)+DT*AAA(I,J)*K/3.
10 CONTINUE
IF(SUM(1)-EQ+0.0)SUM(1)=CO*SUM(2)
IF(SUM(N2).EQ.0.0)SUM(N2)=CO*SUM (N2-1)

bk ok % o



20

CC

10

20

CC

CC

TOTAL=0,
DO 20 J=1,N2

K=2

IF (MOD(J,2).EQ.0) K=4

IF(J.EQs1 «OR. J.EQ.N2)K=l
TOTAL=TOTAL+DR*SUM{(J)*X2(J)*K/3,

CONTINUE

UBAR=TOTAL*NNF /AF

RETURN

END

SUBROUTINE FOR CALCULATING MEAN SECONDARY VELOCITY
SUBROUTINE BULKS(IN,JN,VSVM,F1,N2,SHEAN)

IMPLICIT RFAL (A-H,0-2)

DIMENSION VSVM(20,20),SUM(20)

COMMON /CG/ X1(20),%X2(20),VP(20,20)

COMMON /CR/ KNF,FE,RO,AF,PS,AL,ROW,AMEW,NITER,BETA
PI=3.14159

ALPHAR=2.* (PI/NNF~BLTA)

DR=RO/(N2-1)

DT=ALPHAR/ (N1-1)

DO 10 J=1,N2

SUM(J)=0C.
DO 10 I=1,N1
K=2

IF (MOD(I,2)-EQ.0)E=4
IF(I.EQ.1 «OR. I.EQ.N1)F=1
SUM(J)=SUM (J)+DT*VSVM (I, J)*K/3.
CORTINUE

TOTAL=0.

DO 20 J=1,N2

K=2

IF (MOD(J,2)-EQ.0) K=4

IF(J.EQe1 «ORe J.EQ.N2)K=1
TOTAL=TOTAL+DR*SUM (J)*X2 (J)*K/3.
CONTINUE

SHEAN=TOTAL*NNF /AF

RETURN

END

ITERATION SUBROUTINE

SUBROUTINE EQN(IN,JN,KN,A,N1,42,RP,RSDU,DPDZ,DPDTHA)
IMPLICIT REAL (A-H,0-~Z)

DIMENSION A(IN,JN,KN),RSDU(3),RP(3),DPDTHA(20,20),2VZ(20,20)

COMMON /CG/ X1(20),X2(20),VP(20,20)

COMMON /CB/ BE(20,20,3),BW(20,20,3),BN(20,20,3),BS(20,20,3)

COMMON /CP/ RSS(20,20,3),UB

COMMON /CR/ NNF,FH,RO,AF,PS,AL,ROW,AMEW,NITER, BETA
DATA NW,NF,NVZ /1,2,3/

INM=N1-1

JNM=N2~1

IF (AL .EQ. 0.0) GO TO 101

AXIAL VORTICITY SUBCYCLE

INMM=INM~1

JNMM=JNM=-1

DO 10 J=3, JNMM
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DO 20 I=3,INMM

CALCULATE SOURCE TERM

CALL SORCE(IN,JN,KN,A,SOURCE,I,J,NW,DPDZ,DPDTHA)
CALCULATE CONVECTION TERIMS

CALL CONVEC(IN,JN,KN,A,AE,AW,AN,AS,I,J,NW)
CE=AE+4BE(I,J,NW)

CW=AW+BW (I ,J,NW)

CN=AN+BN (I, J,NW)

CS=AS+BS(I,J,NW)

ANUM=CE*A (I+1,J,NW)+CW*A (I-1,J,NW)+CN*A (I, J+1,NW)+
CS*A(I,J-1,NW)+SOURCE

ADNM=CE+CW+CN+CS

IF(ANUM .EQ. 0.0 .OR. ADNM «EQ. 0.0) GO TO 20
STORE OLD VALUE

Z=A(I,J,NW)

CALCULATE REFERANCE VALUE

ZREF=(ABS (A (I,J+1,NW))+ABS (A(T,J=1,NW))+

ABS (A (I+1,J,NW))+ABS(A(I=-1,J,NW))) /4.

CALCULATE NEW VALUE

A(T,J,NW)=ANUM/ADNM

CALCULATE RESIDUAL

IF (ZREF .EQ. 0.0)GO TO 1
RSS(I,J,NW)=(A(I,J,NW)=2)/ZREF

UNDER OR OVER RELAY
A(T,J,NW)=Z+RP (NW)* (A (I, J,NW)=Z)

IT (ABS(RSS(I,J,NW)).GT.ABS (RSDU(NW) ) )RSDU (NW)=RSS(I,J,NW)
CONTINUE

CONTINUEL

IMPLICIT FORMULATION FOR NEXT TO BOUNDARY NODES
DR=R0O-X2(N2-1)

Gl=6e%* (3+*DR~2.*R0)/ (5. *DR=4+*R0)
G2=~2.%(DR-RO)/(5.*DR~4.%*R()

G3==PS* (3.*%R0=2.*DR)* (3. *DR~=2.*R0)/ (DR* (5. *DR~4+*R0))
J=JNM

DO 30 I=3,INMM

HN=X2 (J+1)~X2(J)

HS=X2(J)=X2(J=1)

DVZDR=( (A(I,J+1,NVZ)~A(I,J,NVZ))*HS /HN+(A(L,J,KVZ)-
A(I,J-1,HVZ))*HN/HS) / (HN+HS)
FVZ=PS*X2(J)*VP(I,J)*(X2(J)*DVZDR+2.*A(I,J,NVZ))
CF=BE(I,J,NF)+BW(I,J,NF)+BN(I,J,NF)+BS(I,J,NF)
CALL CONVEC(IN,JN,KN,A,AE,AW,AN,AS,T,J,NW)
CE=AEABE(I,J,NW)

CW=AW+BW (I, J,NW)

CN=AN+BN (I,J,NW)

CS=AS+BS (I,J,NW)

CUT=CE+CW+CN+4CS

CALL SORCE (IN,JN,KN,A,SOURCE,I,J,NW,DPDZ,DPDTHA)
SUM1=SOURCE+CE*A (I+1,J,NW)+CW*A (I-1,J,NW)+CS*A(I,J-1,KN)
DEN=CWT-CN*G2+CN*C1*X2 (J)*VP(I,J)/ (ROWXDR*DR*CF)
S2=(BE(I,J,NF)*A(I+1l,J,NF)+BW(I,J,NF)*A(I-1,J,NF)+
BN(I,J,NF)*A(T,J+1,NF)+BS(I,J,NF)Y*A(I,J~1,NF))/CF
SUM2=A(I,J+1 ,NF)=S24+FVZ/CF

SUM3=(G1*SUM2/ (ROW*DR*DR)+G3*A (I,J,NVZ) ) *CN
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SUM=SUM1+SUNM3

IF( DEN.EQ.0.0) GO TO 30
Z=A(I,J,MW)

A(I,J,NW)=SUM/DEN
A(I,J,NW)=Z+RP (NW)* (A (I, J,NW)-Z)
CONTINUE

I=2

G1=3.

G2==0.5

DO 40 J=3, JNMM

DT=X2(J)*X1(2)

HN=X2 (J+1)-X2 (J)

HS=X2(J)-X2(3-1)

DVZDR=( (A(I,J+1,NVZ)-A(I,J,NVZ) )*HS /EN+(A (I, T,NVZ)-
A(I,J~1,NVZ))*HN/HS)/ (HN+HS)
FVZ=PS#*X2(J)*VP(I1,J)*(X2(J)*DVZDR+2.*A(I,J,NVZ))
CT=BE (I,J,NF)+BW(I,J,NF)+BN(I,J,IF)+BS(I,J,NF)
CALL CONVEC(IN,JN,KN,A,AE,AW,AN,AS,I,J,HW)
CE=AF+BE(I,J,NW)

CW=AW+BW(I,J,NW)

CN=AN-+BN (1 ,J,NW)

CS=AS+BS(I,J,NW)

CWT=CE+CW+CN4CS

CALL SORCE(IN,JN,FN,A,SOURCE,I,J,NW,DPDZ,DPDTHA)
SUM1=SQURCE+CE#A (I+1,J,NW)+CN*A (I, J+1 ,NW)+CS*A (I, J~1,NW)
DEN=CWT~CW*G2+CW*G1*X2 (J)*VP(I,J)/ (ROVEDTADT*CF)
S2=(BE(I,J,NF)*A (I+1,J,NF)+BW(I,J,NF)*A(I-1,J,NF)+
BN(I,J,NF)*A(I,J+1,NF)+BS(I,J,NF)*A(I,J-1,NF))/CF
SUM2=A(I-1,J,NF)=S2+FVZ/CF

SUM3=CW*G1*SUM2/ (DT*DT*ROW)

SUM=SUM1+SUM3

IF( DEN.EQ.0.0) GO TO 40

Z=A(1,J,NW)

A(I,J,RW)=SUM/DEN

A(T,J,NW)=Z4RP (NW)* (A(I,J,NW)=2Z)

CONTINUE

I=N1-1

Gl=3.

G2=-0.5

DO 50 J=3, JNMM

DT=X2(J)* (X1 (N1)-X1(N1-1))

HN=X2 (J+1)=-X2(J)

HS=X2(J)-X2(J-1)

DVZDR=( (A(I,J+1,NVZ)-A(I,J,NVZ) ) *HS/HN+(A (I, J,HVZ)~
A(I,J-1,NVZ))*HN/HS)/ (HN+HS)
FVZ=PS*X2(J)*VP(I,J)* (X2 (J)*DVZDR+2.%*A(I,J,NVZ))
CF=BE (I, J,NF)+BW(I,J,NF)+BN(I,J,NF)+BS(I,J,NF)
CALL CONVEC (IN,JN,KN,A,AE,AW,AN,AS,I,J,NW)
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CE=AE+BE(I,J,NW)
CW=AW+BW (I, J,NW)

CN=AN+BN (I, J,NW)

CS=AS+BS (I,J,NW)

CWT=CE+CW- JN4CS

CALL SORCE(IN,JN,KN,A,SOURCE,I,J,NW,DPDZ,DPDTHA)
SUM1=SOURCE+CW*A (I~1,J,NW)+CN*A (I, J+1 ,NW)+CS*A (I, J-1,KW)
DEN=CWT-CE*G2+CE*G1*X2 (J)*VP (I, J)/ (ROWADTADT*CF)
§2=(BE(I,J,NF)*A(I+1,J,NF)+BW (I, J,NF)*A(I-1,J,NF)+
BN(I,J,NF)*A(I,J+1,NF)+BS(I,J,NF)*A(I,J-1,NF))/CF
SUM2=A(I+1,J,NF)-S2+FVZ/CF

SUM3=CE*G1%SUM2/ (ROWADT#DT)

SUM=SUM1+5UM3

IF( DEN.EQ.0.0) GO TO 50

Z=A(I,J,NV)

A(I,J,NW)=SUM/DEN

A(T,J,NW)=Z+RP (NW) * (A (I, J,NW)~Z)

CONTINUE

J=2
G1=36./5.

G2==44+ /5.

G3=PS*12./5.

DR=X2(J)

DO 60 I=3,INMX

HN=X2 (J+1)-%2(J)

HS=X2(J)-%X2(J~1)
DVZDR=((A(I,J+1,NVZ)-A(I,J,RVZ))*HS/HN+(A(I,J,NVZ)~-
A(I,J~1,NVZ))*HN/HS)/ (HN+HS)
FVZ=PS*X2(J)*VP(I,J)* (X2(J)*DVZDR+2.*A(I,J,HVZ))
CF=BE(I,J,NF)+BW(I,J,NF)+BN (I,J,NF)+BS(I,J,NF)
CALL CONVEC(IN,JN,KN,A,AE,AW,AN,AS,I,J,NW)
CE=AF+BE (I, J,NW)

CW=AW+BW (I, J,NW)

CN=AN+BN (I, J,NW)

CS=AS+BS (I,J,NW)

CWT=CE+CW+CNA4CS

CALL SORCE(IN,JN,KN,A,SOURCE,I,J,NW,DPDZ,DPDTHA)
SUMI=SOURCE+CE*A (I+1,J,NW)+CW*A (I-1,J,NU)+CN*A (T, J+1,NW)
DEN=CWT~CS*G2+CS*G1*X2(J)*VP (I, J)/ (ROWXDR*DRACF)
S2=(BE(I,J,NF)*A(I+1,J,NF)+BW(I,J,NF)*A(I-1,J,NF)+
BN(I,J,NF)*A(I,J+1,NF)+BS(I,J,NF)*A(I,J-1,NF))/CF
SUM2=A(1,J-1,NF)-S2+FVZ/CF
SUM3=(G1*SUM2/(ROW*DR*DR)+G3*A (I, J,NVZ))*CS
SUM=SUM1+SUM3

IF( DEN.EQ.0.0) GO TO 60

Z=A(I,J,NW)

A(I,J,NW)=SUM/DEN

A(I,J,NW)=Z+RP (NW)*(A(I,J,NW)-2)

CONTINUE
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I=2
J=JNM

DR=R0=X2(N2-1)

Gl=6.%(3.*DR=2.*R0O) /(5. *DR~4.*R0)

G2=~2.*(DR-R0)/ (5.*DR=4.*R0)
G3=-PS#*(3.*%R0=2+*DR) * (3. *DR~2.*R0) / (DR* (5. *DR-4.*R0) )
Gl1=3.

G22==0.5

DT=X2(J)*X1(2)

HN=R0O-X2(N2-1)

HS=X2(J)-X2(J-1)
DVZDR=((A(I,J+1,NVZ)-A(I,J,HVZ))*HS/EN+(A(I, J,NVZ)~
A(I,J-1,NVZ))*HN/HS)/ (HE+HS)
FVZ=PS*X2(J)*VP(I,J)*(X2(J)*DVZDR+2.*A (I, J,KVZ))
CF=BE(I,J,NF)+BW(I,J,NF)+BN(I,J,NF)+BS(I,J,NF)
CALL CONVEC(IN,JN,KN,A,AE,AV,AN,AS,I,J,NV)
CE=AE+BE(I,J,NW)

CW=AU+BW (I, J,NW)

CH=AN+BK (I, J,NW)

CS=AS+BS (I,J,NW)

CWT=CE+CWH-CN4CS

SUMI=CE*A (I+1,J,NW)+CS*A(I,J-1,NW)
S1=BE(I,J,NF)*A(I+1,J,NF)+BW(I,J,NF)*A(I-1,J,NF)+
BN(I,J,NF)*A(I,J+1,NF)+BS(I,J,NF)*A(I,J-1,NF)
S2=CF*A(I-1,J,NF)-S1+FVZ

SUH2=CW*(G11%S2/ (ROWADT*DT*CF) )

S3=CF#A (I,J+1,HF)=-S14+FVZ

S4=G1%S3/ (ROW#DR*DR*CF)

S6=S4+G3*%A (1, J,NVZ)

SUM3=86*CN

CALL SORCE (IN,JN,XN,A,SOURCE,I,J,NW,DPDZ,DPDTHA)
SUM=SUM1+SUN2+SUM3+S0URCE
DEN=CWT-G22*CW-G2#CN+CN*G1*X2 (J)*VP(I,J)/ (ROWADR*DR*CF )+
CWAGL1*X2(J)*VP(I,J)/(ROWADT*DT*CF)

IF( DEN.EQ.0.0) GO TO 61

Z=A(1,J,NW)

A(I,J,8W)=8UN/DEN
A(I,J,NW)=Z+RP (NW)* (A(I,J,NW)=2)

I=K1-1
J=N2-1

DR=R0O-X2(N2-1)

Gl=6.%(3.*DR=2.%*R0) /(5. %DR~4 o *R0)

G2==2+% (DR~R0) /(5. *DR~4 . *R0)

G3==P5* (3.*R0~2+*DR) * (3. *DR=2.*R0)/ (DR* (5. %DR=4+*R0) )
G11=3.

G22=-0.5

DT=X2(J)* (X1 (N1)-X1(N1-1))

HN=X2(J+1)=-%2(J)

FS=X2(J)=X2(J-1)

DVZDR=( (A (I,J+1,0VZ)~A(1,J,NVZ))*ES/HN+(A(I,J,HVZ)~
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A(I,J-1,NVZ))AIN/HS) / (HN+ES)
FVZ=PS*X2(J)*VP (I, J)*(X2(J)*DVZDR+2.%A (I, J,NVZ))
CF=BE(I,J,NF)+BW(I,J,NF)+BN(I,J,NF)+BS(I,J,NF)
CALL CONVEC (IN,JM,Kl,A,AL,AW,AN,AS, I,J,1W)
CE=AE+BE (I,J,KW)

CW=AW+DW (L, J,NW)

CN=AN+BN (I,J,NW)

CS=AS+BS(I,J,NW)

CWT=CE+CH+CN4CS

SUMI=CW*A (I-1,J,KW)+CS*A (I,J-1,W)
S1=BE(I,J,NF)*A(I+1,J,NF)+BW(I,J,NF)*A (I-1,J,NF)+
BN (I,J,NF)*A(I,J+1,NF)+BS(I,J,NF)*A(I,J~1,NF)
S2=CF*A (I+1,J,KF)=S1+TVZ

SUM2=CE*G11*52/ (ROWADT*DT*CF)
S3=CF*A(I,J+1,NF)-S1+FVZ
SUM3=(S3*G1/(ROWADR*DRACF)+G3%*A (I, J,NVZ) ) *CN
CALL SORCE (IN,JN,KN,A,SOURCE,I,J,NW,DPDZ,DPDTEA)
SUM=SUM1+SUM2+SUM3+SOURCE
DEN=CWT~G22*CE=G2*CN+CN*G1*X2 (J)*VP (I, J)/ (ROWADRADRACF)+
CEXG11*%2(J)*VP(I,J)/ (ROWADT4DTCF)

IF( DEN.EQ.0.0) GO TO 62

Z=A(I,J,NW)

A(T,J,NV)=SUH/DEN
A(I,J,NW)=Z+RP (NW)* (A(I,J,NW)~Z)

I=2

J=2

Gl1=36./5.

G2==4./5,

G3=P5*12./5.

DR=X2(2)

Gl1=3.

G22=-0.5

DT=X2(J)*¥1(2)

HN=X2(J+1)=-X2(J)

HS=X2(J)~X2(J-1)

DVZDR=( (A(I,J+1,NVZ)~A(I,J,NVZ))*HS/HR+(A(I,J,NVZ)~
A(I,J=-1,NVZ))*HN/HS) / (HN+HS)

FVZ=PS*X2 (J)*VP(I,J)*(X2(J)*DVZDR+2.*A(1,J,NVZ))
CF=BE(I,J,NF)+BW(I,J,NF)+BN (I, J,NF)+BS(I,J,NF)
CALL COKVEC(IN,JN,KN,A,AF,AW,AR,AS,T,J,NW)
CE=AE+BE(I,J,NW)

CW=AW+BW (I, J,NW)

CN=AN+BN(I,J,NW)

CS=AS+BS(I,J,NW)

CWT=CE+CW+CN+CS

SUM1=CE*A (I+1,J,NW)+CN*A (T, J+1,NW)
S1=BE(I,J,NF)*A(I+1,J,NF)+BW(I,J,NF)*A(I~1,J,NF)+
BN(I,J,NF)*A(I,J+1,NF)+BS(I,J,NF)*A(I,J~1,NF)
S2=CF*A(I~-1,J,NF)~S1+FVZ

SUM2=CW*G11%52/ (ROWADT*DT*CF)
S§3=CF*A(I,J~1,NF)~S1+FVZ
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SUM3=(S3*C1/ (ROWADR*DR*CF)+G3%A (I, J,NVZ) ) *CS
CALL SORCE(IN,JN,KN,A,SOURCE,T,J,NW,PDZ , DPDTHA)
SUM=SUM 1+SUM2+SUM3+SOURCE
DEN=CWT-G22*CW—G2*CS+CS*G1*XZ(J)*VP(I,J)/(ROW*DR*DR*CF)
HCWAG11%X2 (J)*VP (I, J)/ (ROWADTADT*CF)

IF( DEN.EQ.0.0)GO TO 63

Z=A(I,J,NW)

A(I,J,NW)=SUM/DEN

A(T,J,NW)=Z+RP (NW)* (A(L, J,NW)~2)

I=N1-1
J=2

Gl1=36./5.

G2==4.,/5.

G3=pS*12./5.

DR=X2(2)

Gl1=3,

$22==0.5

DT=X2(J)*(X1(N1)-X1(N1~1))

HN=X2(J+1)=X2(J)

HS=X2(J)=-X2(J-1)
DVZDR=((A(I,J+1,NVZ)—A(I,J,NVZ))*HS/HN+(A(I,J,NVZ)—
A(I,J-1,NVZ))*HN/HS) / (EN+HS)
FVZ=PS*X2(J)*VP(I,J)*(X2(J)*DVZDR+2.*A(I,J,NVZ))
CF=BE(I,J,NF)+BW(I,J,NF)+BM(I,J,NF)+BS(I,J,NF)
CALL CONVEC(IN,JN,KN,A,AE,AW,AN,AS,I,J,NW)
CE=AE+BE(I,J,NW)

CW=AW+BW(I,J,HW)

CN=AN+BN(I,J,NW)

CS=AS+BS(I,J,NW)

CWT=CE+CW+CN+CS
SUMI=CU*A(I~1,J,HW)+CN*A (I, J+1,5W)
Sl=BE(I,J,NF)*A(I+1,J,NF)+BW(I,J,NF)*A(I—1,J,NF)+
BN(I,J,NF)*A(I,J+1,NF)+BS(I,J,NF)*A(I,J~1,NF)
S2=CF*A(I+1,J,KF)=~SI+FVZ

SUM2=CE*G11*S2/ (ROW*DT*DT*CF)
S3=CF*A(I,J-1,NF)~S1+FVZ
SUM3=(83*G1/(ROW*DR*DR*CF)+CB*A(I,J,NVZ))*CS

CALL SORCE(IN,JN,KN,A,SOURCE,I,J,NW,DPDZ,DPDTHA)
SUM=SUMI1+SUM2+SUM3+SOURCE
DEN=CWT-G22*CE-G2*CS+CS*G1*X2(J)*VP(I,J)/(ROW*DR*DR*CF)
+CE*G1l*X2(J)*VP(I,J)/(ROW*DT*DT*CF)

IF( DEN.EQ.0.0) GO TO 65

Z=A(I,J,EW)

A(I,J,NW)=SUM/DEN
A(L,J,NW)=Z+RP (NW)* (A(I, J,NW)=2)

STREAM FUNCTION SUB CYCLE
DO 90 J=2, JNH
DO 100 I=2,INM
CALL  SORCE(IN,JN,KN,A,SOURCE,T,J,NF,DPDZ ,DPDTHA)
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ANUM=BE (T, J,NF)*A(I+1,J,NF)+BV(I,J,NF)*A(I~1,J,NF)+
BN(I,J,KF)*A(I,J+1,NF)+BS(I,J,NF)*A (I, J-1,NF)+SOURCE
ADNM=BE(I, J,NF)+BW (I, J,NF)+BN(I,J,NF)+BS(I,J,NF)

IF (ANUNM.EQ.0.0 <OR. ADNM.EQ.0.0) GO TO 100
Z=A(I1,J,NF)

ZREF=(ABS (A(I,J+1,NF))+ABS (A(I,J-1,HF))+

ABS (A(I+1,J,NF))+ABS (A(I-1,J,NF))) /4.
A(I,J,NF)=ANUM/ADIM

IF(ZREF .EG. 0.0) GO TO 2
RSS(I,J,NF)=(A(I,J,NF)=2)/ZREF

A(I,J,NF)=Z+RP (NF)*(A(I,J,NF)=2)

LF (ABS (RSS(I,J,NF)).CT.ABS (RSDU(NF) ) )RSDU(NF)=RSS (I, J,NF)
CONTINUE

CONTINUE

AZIAL VELOCITY SUB CYCLE
DO 110 J=2,JM

DO 120 I=2,INM

CALL SORCE(IN,JN,XN,A,SOURCE,I,J,NVZ,DPDZ,DPDTHA)
CALL CONVEC(IN,JN,KN,A,AE,AW,AN,AS,I,J,NVZ)
CE=AE+BE(I,J,NVZ)

CW=AW+BW (I, J,NVZ)

CN=AN+BN (I,J,NVZ)

CS=AS+BS(1,J,NVZ)
ANUM=CE*A(I+1,J,NVZ)+CW*A(I-1,J,NVZ)+CN*A(I,J+1,NVZ)+
CS*A(I,J-1,NVZ)+SOURCE

ADKM=CE+CW+CN+CS

ZVZ(1,J)=A(1,J,NVZ)

IF (ADI.EQ.0.0)CO TO 120

A(I,J,NVZ)=ANUM/ADIM

CONTINUE

CONTINUE

CONSTRAIN VELOCITY FIELD TO UB

CALL BULK(IN,JN,KN,A,N1,N2,UBAR)

DO 708 J=1,K2

DO 708 1I=1,K1

A(L,J,3)=A(1,J,3)*UB/UBAR

CONTINUE

DO 709 J=2,JNM

DC 709 I=2,INM

R8S(I,J,NVZ)=1.0-ZVZ(I,J)/A(I,J,NVZ)
A(I,J,NVZ)=ZVZ(I,J)+RP(NVZ)*(A(I,J,NVZ)—ZVZ(I,J))
IF(ABS(RSS(I,J,NVZ)).GT.ABS(RSDU(NVZ)))RSDU(NVZ)=RSS(I,J,NVZ)
CONTINUE

IF(AL.EQ.0.0 .OR. MOD(NITER,20).NE.OQ)

GO TO 102

CALL PSS(IN,JN,KN,A,N1,N2,DPDTHA)

CONTINUE

RETURN

END

CALCULATE SOURCE TERMS

SUBROUTINE SORCE (IN,JN,KN,A,SOURCE,I,J,K,DPDZ,DPDTHA)
IMPLICIT REAL (A-H,0-Z)
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DIMENSION A(IN,JN,KN),DPDTHA (20, 20)
COMION /CG/ X1(20),X2(20),VP (20, 20)
COLMON /CR/ NNF,FH,RO,AF,PS,AL,ROW,ANEV, NITER, BETA
DATA NW,NF,NVZ /1,2,3/
GO TO (1,2,3),K
AXIAL VORTICITY
BE=X2(J)*(X1(I+1)-X1(I))
HW=X2(J)*(X1(1)-X1(I-1))
HN=X2(J+1)-X2(J)
HS=X2(J)=-X2(J-1)
DSDN=((A(T, J+1,NF)=A(I, J,NF) ) *HS /HN+(A (I, J,NF)~
A(1,J-1,NF))*HN/HS) / (HS+HN)
DSDNB=((A(I+1,J+1,NF)-A(I+1,J,NF))*HS/HN+(A(I+1,J,NF)—
A(I+1,J~1,NF))*HN/HS) / (HN+HS)
DSDNW=((A(I-l,J+1,NF)—A(I—l,J,NF))*HS/HN+(A(I-1,J,NF)-
A(I-1,J-1,NF))*HN/HS) / (HN+HS)
DZSDNT=((DSDNE—DSDN)*HW/HE+(DSDN—DSDNW)*HE/HW)/(HE+HW)
DWDT=((A(I+1,J,NVZ)-A(I,J,NVZ) )W /HE+(A (I, J,NVZ)—
A(I-1,J,NVZ))*HE/BW) / (HE+HW)
DWDN=( (A (T, J+1,NVZ)~A(I,J,NVZ))*HS/HN+(A (I, T,NVZ)~
A(I,J=-1,NVZ))*HN/HS) / (HN+HS)
D28DN2=((A(I,J+1,NF)—A(I,J,NF))/HN-(A(I,J,NF)—
A(T,J=1,NF))/US)/(0.5% (HN+HS) )
Sl= (DSDN+X2(J)*DZSDNZ)/ROW—PS*(XZ(J)*XZ(J)*DWDN+2o*XZ(J)*
A(I,J,0VZ))
S2=D2SDNT/ROW~PS*X2 (J)*DWDT
SPPW=PS*ROW* (DWDT*S1 ~DWDN*S2*¥2(J))
SOURCE=VP(I,J)*SPPW
SOURCE==SOURCE*X2 (.J)
GO TO 111
STREAM FUNCTION
HN=X2(J+1)=X2(J)
HS=X2(J)-X2(J-1)
DWDN=( (A (I, J+1,NVZ)~A(I,J,NVZ))*HS /HN+(A (I, T,NVZ) -
A(I,3~1,NVZ))*IN/HS) / (HN+HIS)
SPPS=PS* (X2(J) *DWDK+2. 0%A (I, J,NVZ) )=A (I, J,NW)
SOURCE=VP(I,J)*SPPS
SOURCE=-SOURCE#*X2 (J)
GO TO 111
AXIAL VELOCITY ]
SOURCE=VP(I,J)*(DPDZ+PS*DPDTHA (I,J))
SOURCE==-SOURCE*X2(J)
CONTINUE
RETURN
END
SUBROUTINE FOR PRINTING THE VARIABLES
SUBROUTINE PRINT(IN,JN,KN,A,N1,N2,NBEGIN,NTOTAL)
IMPLICIT REAL (A-H,0-2)
DIMENSION A (IN,JN,KN)
DO 10 NCODE=NBEGIN,NTOTAL
GO TO (1,2,3,4,5),NCODE
AXTIAL VORTICITY
PRINT 100
GO TO 111
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20

10
100

200
300
400
500
700

800
900

CC

CcC

cc

CcC

b o

b

STREAM FUKCTION

PRINT 200

GO TO 111

AXIAL VELOCITY

PRINT 300

co TO 111

CIRCUMFERENTIAL VELOCITY

PRINT 400

GO TO 111

RADIAL VELOCITY

PRINT 500

CONTINUE

DO 20 J=1,N2

PRINT 700, (A(I,J,NCODE),I=1,N1)
PRINT 800,J

CONTINUE

PRINT 900, (I,I=1,7)
CONTINUE
FORMAT(’1’,30X, THE DISTRIBUTION OF
/70°,129%,°3°//)
FORMAT (°1°,30¥, “THE DISTRIBUTION OF

/°0°,129%,°3°//)
FORMAT (“1°,30Y,“THE DISTRIBUTION OF
129%,°3°//)

FORMAT (" 1%, 25, “THE DISTRIBUTION OF
“VELOCITY ( /S )7/°07,129%,°3°//)
FORMAT(°1”, 30, THE DISTRIBUTION OF
/°0°,129%,°3°//)

FORMAT(’0%,7E11.4)
FORMAT (" +7,129%,12)
FORMAT("-*,°1°,7%,7(12,13%))

RETURN

END

AXIAL VORTICITY ( 1/SEC )’
STREAN FUNCTION ( KG/M-S )°
AXIAL VELOCITY ( M/S )°/°07,
CIRCUMFERENTIAL 7,

RADIAL VELOCITY ( M/S )’

SUBROUTINE FOR CALCULATING CONVECTION TERMS

SUBROUTINE CONVEC(IN,JN,KN,A,AE,AV,
IMPLICIT REAL (A-H,0-Z)
DIMENSION A(IN,Jn,FN)
NF=2
INTERIOR NODES

AN,AS,I,J,K)

GlPE=A(I+1,J—l,NF)+A(I,J—1,NF)-A(I+1,J+1,NF)—A(I,J+1,NF)

GlPW=A(I-1,J+1,NF)+A(I,J+1,NF)-A(T

-1,J-1,8F)-A(I,J-1,8F)

G2PN=A (I+1, J+1 ,NF)+A (I+1,J,HF)=A(I~1,J+1,NF)~-A(I~1,J,NI)
C2PS=A(I-1,J-1,NF)+A(I-1,J,NF)=A(T+1,J-1,NF)~A(I+1,J,NF)

COMPUTE AE, AW, AN, AS
APP=1.0

IF( K.EQ.NF )APP=0.0
AE=APP* (G1PE+ABS (G1PE))/8-0
AW=APP* (C1PW+ABS (G1PW)) /8.0
AN=APP* (G2PN+ABS (G2PN))/8.0
AS=APP* (G2PS+ABS (G2PS)) /8.0
RETURN

END

SUBROUTINE FOR CALCULATING VELOCITY COMPONENTS

SUBROUTINE VELDIS(IN,JN,KN,A,NI,N2)
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IMPLICIT REAL (A-H,0-Z)
DIMENSION A(IN,JN,KN)
COMMON /CG/ X1(20),X2(20),VP(20,20)
COMMON /CR/ NKNF,FH,RO,AF,PS,AL,ROW,AMEW,NITER, BETA
DATA NF,NVZ,NV1,NV2/2,3,4,5/
JNM=N2-1
INM=N1-1
DO 20 J=2,JNM
HN=22(J+1)-X2(J)
HS=X2(J)=-X2(J-1)
DO 30 I=2,INM
HE=Y2 (J)* (X1 (I+1)-X1(I))
HW=X2(J)* (X1(I)-X1(I-1))
DSDN=( (A(I,J+1,NF)-A(I,J,NF))*HS/ER+(A(I,J,NF)-
A(I,J-1,NF))*HN/HS)/ (HN+HS)
DSDT=((A(I+1,J,NF)=A(I,J,NF))*HW /HE+(A(I,J,NF)~
A(I-1,J,NF))Y*HE/HW) / (HE+EW)
A(I,J,NV1)=DSDN/ROW-PS*X2(J)*A(I,J,NVZ)
A(L,J,NV2)=(~1.0)*DSDT/ROW
CONTINUE
CONTINUE
RETURN
END
SUBROUTINE OUTPUT
SUBROUTINE OUTPUT(11,N2,NBEGIN,NTOTAL)
IMPLICIT REAL (A-H,0-2)
COMMON /CP/ RSS(20,20,3),UB
DO 10 NCODE=NBEGIN,NTOTAL
GO TO (1,2,3), NCODE
PRINT 100
GO TO 5
PRINT 200
GO TO 5
PRINT 300
PRINT 360
DO 70 J=1,N2
PRINT 700, (RSS(I,J,NCODE), I=1,N1)
PRINT 800, J
CONTINUE
CONTINUE
FORMAT(® ’,54¥, AXIAL VORTICITY")
FORMAT (“ ‘,54X, STREAM FUNCTION")
FORMAT(* “,54%, AXIAL VELOCITY’)
FORMAT(® “,57X,  RESIDUAL’)
FORMAT(® ‘,7Ell.4)
FORMAT(“+°,129%X,12)
RETURN
END
SUBROUTINE FOR CALCULATING CIRCUMFERENTIAL PRESSURE
GRADIENT
SUBROUTINE PSS(IN,JN,KN,A,N1,N2,DPDTHA)
IMPLICIT REAL (A-H,0-Z)
DIMENSION A(IN,JN,KN),DPDTHA(20,20)
COMMON /CG/ X1(20),X2(20),VP(20,20)



COMMON /CR/ NNF,FH,RO,AF,PS,AL,ROWV,AMEW,NITER, BETA
DATA NVZ,NV1,NV2/3,4,5/

CALL VELDIS(IN,JN,KN,A,N1,K2)

INM=N1-1

JNM=N2-1

DO 65 J=2,JHM

HN=X2 (J+1)-X2(J)

HS=X2(J)-X2(J-1)

DO 75 I=2,INM

HE=X2(J)*(X1(I+1)-X1(I))

HU=X2 (J)*(X1(I)-X1(I-1)}

DVIDR=( (A (I, J+1,NV1)~A(T,J,NV1))*ES/HN+(A(L,J,HV1)=

* A(T,J-1,NV1))*EN/HS)/ (HN4HS)
DVIDR2=((A(L,J+1,HV]1)-A(I,J,NV]1))/HN~(A(T,J,NV])~
* A(T,J=1,NV1))/HS)/(0.5% (HN+HS))
DV2DT=((A(I+1,J,NV2)~A(1,J,NV2))*HW/EE+(A(I,J,NV2)~
* A(I-1,J,NV2))*KHE/HW) / (HE+HW)
DVIDT2=( (A(I+1,J,NV1)=A(I,J,NV1))/HE~(A(I,J,NV1)~
% A(I-1,J,NV1))/HW)/ (C.5% (HE+EW))
DVIDT=( (A(I+1,J,NV1)=-A(I,J,NV1))*BY/HE+(A(I,J,NV])=
* A(I-1,J,NV1))*HE/HW) / (HE+EW)

SI=DVIDR/X2(J)~A(I,J,NV1)/(X2(J)*%2(J))+DVIDR242.0%
* DV2DT/X2(J)+ (1. 0+PS*PS*X2 (J)*X2(J))*DVIDT2
S2=X2(J)*A(I,J,NV2)*DVIDR+(A(I,J,NV1)4+PS*N2 (J)*A(T,T,HVZ))*
* X2(I)*DVIDTH+A(I,J,NV1)*A(I,J,NV2)
DPDTHA (I, J)=AMEW*X2(J)*S1-ROW#S2

75 CONTINUE
65 CONTINUE
RETURN
END
CcC SUBROUTINE FOR CALCULATING BOUNDARY VORTICITIES

SUBROUTINE BOUND (IN,JN,KN,A,N1,12)
IMPLICIT REAL (A-H,0-Z)
DIMENSION A (IN,JN,KN)
COMMON /CG/ X1(20),X2(20),VP(20,20)
COMMON /CR/ NNF,FH,RO,AF,PS,AL,ROW,AMEW,NITER,BETA
DATA NW,NF,NVZ/1,2,3/
cc TUBE WALL
J=N2
INM=11~1
DR=R0-%2(i2-1)
Gl=6+*(3.*DR=2.*R0) /(5. *%DR=4.*R0)
G2==2.% (DR~RC) /(5. *DR-4.*R0)
C3=-PS* (3.%R0=2.%DR) * (3. *DR~2.*R0) / (DR* (5. *DR~4.*R0) )
DO 10 I=2,INM
A(I,J,NW)=Gl*(A(I,J,NF)~A(I,J~1,NF))/(ROW*DR*DR)+
* G2*A(I1,J-1,KW)+G3*A(I,J~1,NVZ)
10 CONTINUE
o FIN SURFACE
I=1
JINM=N2~1
Gl=3.
G2=-0.5
DO 20 J=2,JNM
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DT=X2 (J)*X1(2)
A(T,J,NW)=G1* (A(I, J,NF)=A(I+1,J,NF))/ (ROWVEDT*DT)+
G2%A (I+1,J,HW)

CONTINUE

I=N1
DO 30 J=2, JNM

DT=X2(J)* (X1 (K1)-X1(N1-1))

A(T,J,NW)=G1* (A(I,J,NF)=~A(I~1,J,NF))/(ROVEDT*DT)+
G2*A(I-1,J,MW)

CONTINUE

CENTER NODE

N=N1/2

G1=36./5.

G2=-4./5.

G3=PS*12./5.

DR=X2(2)
A(N,1,NW)=C1* (A(N, 1,KF)~A (N, 2,NF) ) / (ROW*DR*DR ) +
G2%A (N, 2,NW)+G3*A (8, 2, 0VZ)

DO 40 I=1,N1

A(T,1,HW)=A(K,1,NW)

CONTINUE

RETURN

END

SUBROUTINE FOR CALCULATING WALL SEEAR STRESSES
SUBROUTIRE SHEAR(IN,JN,KN,A,N1,82,DPDZW,DUDR,DUDT],DUDT2)
IMPLICIT REAL(A-H,0-2)

DIMENSION A(IN,JN,KN),DUDR(20),DUDT1(20),DUDT2(20)
COMMON /CG/ X1(20),%2(20),VP(20,20)

COMMON /CR/ NNF,FH,R0,AF,PS,AL,ROW,AMEW,NITER, BETA
COMMON /CX/ AREA,AVG,SUMI,SUM2,SUM3,AREA],AREA2,AREA3,AVG],AVG2,
AVG3

NVZ=3

KV1=4

NV2=5

CALCULATE VELOCITY GRADIENTS ON WALL

TUBE WALL

DR1=R0-X2(N2~1)

DR2=X2(N2-1)=-X2 (N2~2)

J=N2 -

DO 10 I=1,NI

DUDR (1)=ABS (A (I,J-2,NVZ)*DR1/(DR2% (DR1+DR2) )=
A(I,J-1,NVZ)*(DRI+DR2)/(DR1*DR2))

CONTINUE

DUDR (1)=0.5%DUDR (2)

DUDR (N1)=0.5%DUDR (N1~1)

FIN SURFACE

I=1

DT1=X1(I+1)~-X1(I)

DT2=X1(I42)-X1(I+1)

DO 20 J=2,N2

DTT1=DT1%*X2(J)

DTT2=DT2%X2(J)

G1=ABS (A(I+1,J,NVZ)*(DTTI+DTT2)/(DTTI*DTT2)-
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A(I4+2,J,RVZ)*DTT1/ (DTT2*(DTTI+DTT2)))
G2=ABS(A(I+1,J,MV1)*(DT1+DT2)/(DT1*DT2)~
A(I+2,J,RV1)*DT1/(DT2%(DT1+DT2)))

C3=ABS (A(I+1,J,HV2)*(DTI1+DT2)/(DT1*DT2)~
A(I4+2,J,NV2)*DT1/(DT2*(DT14+DT2)))
DUDTLI(J)=(1e+2.%AL*X2(J)/R0O)*G1+AL*G2 /RO+AL*G3 /R0
CONTINUE

DUDT1 (N2)=0.5*%DUDT1(N2-1)

I=N1
DT1=X1(I)-X1(I-1)

DT2=X1(I-1)-X1(I-2)

DO 30 J=2,H2

DTT1=X2(J)*DT1

DTT2=X2(J)*DT2
Gl=ABS(A(I-2,J,NVZ)*DTT1/(DTT2%*(DTT1+DTT2))~
A(I-1,J3,NVZ)*(DTTI+DTT2)/(DTT1I*DTT2))
G2=ABS(A(I-2,J,NV1)*DT1/(DT2%(DT14+DT2))~
A(I-1,J,NVI)*(DTI+DT2)/(DT1*DT2))
G3=ABS(A(I-2,J,RV2)*DT1/(DT2*(DT14DT2))~-
A(I-1,J,8V2)*(DT1+DT2)/(DTL*DT2))
DUDT2(J)=(1e+2+*AL*X2(J)/R0)*G14+AL*G2 /RO+AL*G3 /RO
CONTINUL

DUDT2(N2)=0.5%DUDT2(N2-1)

CENTER NODE
Al1=0.5*DUDT1(2)

A2=0.5%DUDT2(2)

N=N1/2

DR1=X2(2)

DR2=X2(3)~-X2(2)

A3=ABS (A(N,2,NVZ)*(DR1+DR2)/ (DR1*DR2)~A (I, 3,NVZ) *
DR1/(DR2*(DR1+DR2)))

AA=(A1+A24+A3) /3.

DUDT1(1)=AA

DUDT2(1)=AA

INTEGRATE VELOCITY GRADIENTS USING TRAPEZOIDAL RULE
TUBE WALL

SUM1=0.,

INM=N1-1

DO 40 I=1,INM

SUM1=SUM1+4(DUDR (I)+DUDR (I+1))*RO* (X1 (I+1)=-X1(1))/2.
CONTINUE

FIN SURFACE

SUM2=0.

JNM=N2-1

DO 50 J=1,JNM

X2A=(X2(J)+X2(J+1)) /2.

RSQ=AL*X2A/R0O

SECG=SQRT(1.+RSQ*RSQ)
SUM2=SUM2+(DUDT1 (J)+DUDT1 (J+1) )*SECC* (X2 (J+1)-X2(J)) /2.
CONTINUE
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SUM3=0.
DO 60 J=1,JNM

Y2A=(X2(I)+X2(J+1)) /2.

RSQ=AL*¥2A/R0

SECG=SQRT(1.+RSQ*RSQ)
SUM3=SUM3+(DUDT2 (J)+DUDT2 (J+1) ) *SECC* (X2 (J+1)-X2(J)) /2.
CONTINUE

SUM=SUM1+SUM2+SM3

TOTAL SURFACE AREA

PI=3.14159

IF(AL.EQ.0.0)GO TO 70
AUG=SORT(1.+AL*AL)

AREA=2.*RO* (PI/NNF-BETA*AUG)+RO*AUG+RO*ALOG (AL+AUC) /AL
AREA1=2.*R0O%* (PI/NNF-BETA*AUG)
AREA2=0. 5% (RO*AUG+RO*ALOG (AL+AUG) /AL)
ARFA3=AREA?2

GO TO 80

AREA=2 . *R0% (PI /NNF-BETA)+R0*2.
AREA1=2.*RO* (PI/NNF-BLETA)

AREA2=R0

AREA3=R0

AVERAGE VELOCITY GRADIENT
AVG=SULi/AREA

WALL SHEAR STRESSES NORMALIZED BY AVERAGE VALUE
DO 90 I=1,N1

DUDP.(I)=DUDR (I)/AVG

CONTINUE

DO 100 J=1,u2

DUDT1(J)=DUDT1(J)/AVG
DUDT2(J)=DUDT2(J) /AVG

CONTINUE

AVG=AVG*AMEW

SUM1=SUM 1*AMEW

AVG1=SUM1/AREA1

SUM2=SUM2*AMEW

AVG2=SUM2/AREA2

SUM3=SUM3*AMEW

AVG3=SUM3/AREA3

CALCULATE PRESSURE GRADIENT
DPDZUW==NNF*SUM*AMEW /AF

RETURY

EXD
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APPENDIX F

IMPLICIT FORMULATION OF VORTICITY BOUNDARY CONDITION

Figure F.1 shows a typical node P surrounded by nodes N, S, E,
W of which N is a boundary node. Vorticity boundary condition,

equation (4.3), gives:

where

2(n - ro)
27 " TGh-ar) e
and
(3rO - 2n) (3n - 2ro)
n(bn - 4rdY

Q
C:,_..Y:.__.
0]

Vorticity and stream function at node P are obtained from the

successive substitution formula:

W w W 0w
we + Cw (DW + CN Wy + CS Wg + D

99



100

Substituting the appropriate value of ddg from Section 3.4 gives:

in which F(VZ) is the part of the source term of stream function

equation which is a function of VZ only. Thus,

oV v,
F(v)=~§‘— p ('—-—.Z—+2vZ - (F.6)

r )
z o p P or ,P ZAB
Equation (F.5) can be combined with equation (F.3). When the resulting

equation is substituted into equation (F.1), there results:

I RN Y y Y
Wy = > [y - {C0¥ + C Yt Oyt Cote +
'p
T Wplp - F(VZ)}] + C2 Wp + C3 vz,P (F.7)
AB
Substituting equation (F.7) into equation (F.2) and solving for wp» the
final expression for Wp is obtained as follows:
¢
L ¢y wy + 0%+ Mgy -y CY v, = F(V)) +
i=E,W,S pn? i=E,W,N,S
o C, Vz,P]
U)P =
1+ {-—C—]— b VP-C}
N 2 b 2 (F.8)
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Similar expressions can be obtained for vorticity values for nodes
on i=2, 2 < j < n2-1; i=n-1, 2 <3 £n2-1 and j=2, 2< i < nl-1. However,
it should be noted that the nodes (2,2), (2,n2-1), (n1-1,2), and (n1-1,
n2-1) are surrounded by two boundary nodes and thus require special
consideration while calculating the vorticity values. llevertheless, the

basic procedure of treating such nodes remains the same as already

discussed.
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Figure F.1: Implicit Formulation of Vorticity Boundary Condition
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TABLE 5

Friction Factor Values for Tubes With
Straight Fins

Friction Factor times Reynolds Number

(fRe)
M
Present Predictions Due to Soliman and
Feingold [11]
4 86.946 87.82
8 240,930 243.50
12 539.104 545,90
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TABLE 12

Local Values of Axial Velocity
and Resultant Secondary Velocity
For Selected Values of M, a, and Re
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Figure 2: Illustration of the Twisted Fin Inside
a Tube
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Figure 3: Twisted Control Volume and Its Projection on the
r' -9' Plane
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Figure 4:

Domain of Interest
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Figure 5:  111ustration of the Finite-Difference Grid; the
Dotted Lines Enclose the Control Volume
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" Figure 6: Comparison of Velocity Distribution at the Axis
of Symmetry for M =4 and a = 0
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Figure 7: Comparison of Velocity Distribution at the Axis
of Symmetry for M = 8 and o = 0
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Figure 8: Comparison of Velocity Distribution at the Axis
of Symmetry for M = 12 and o = 0
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Figure 10: Comparison of Friction Factor Values for M = 2,
R =0, and o = 0.3
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Figure 11: Comparison of Friction Factor Values for M = 2,
g =20, and o = 0.5
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Figure 14: Predicted Axial Velocity [V /v m} Profiles for
M=4, o= 0.1, andRe=1000.% **
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Figure 15: Predicted Axial Velocity Profiles for M = 4,
o = 0.3, and Re = 1000
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Figure 16: Predicted Axial Velocity [V /V

] Profiles for M = 4,
a = 0.5, and Re = 1000.
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Figure 17:

Predicted Axial Velocity [VZ/VZ m] Profiles for M = 4,
a = 0.4, and Re = 100 >
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Figure 18: Predicted Axial Velocity [V /V ]’Profiles for M = 4,

o = 0.4, and Re = 500
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Figure 19: Pred1cted Axial Velocity [V /V ] Profiles for M = 4,
a = 0.4, and Re = 1000
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Figure 24: Effect of Twist Ratio on Predicted Axial Velocity
: Profiles at M = 12 and Re=1000
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Figure 25: Effect of Reynolds Number on Predicted Axial Velocity
Profiles at M = 12 and o = 0.4
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Figure 26: Predicted Resultant Secondary Velocity Distribution
for M =4, o = 0.5, and Re = 1000
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Figure 28: Distribution of Wal] Shear Stress for M = 4, ¢ = 0.1,
and Re = 1000
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Figure 29: Distribution of Wall Shear Stress for M = 4,
a = 0.3, and Re = 1000.
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Figure 30: Distribution of Wall Shear Stress for M = 4, ¢ = 0.5,
and Re = 1000
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Figure 31: Distribution of Wal] Shear Stress for M = 4, o = 0.4,
and Re = 100
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Figure 33: Distribution of Wall Shear Stress

for M =4, o = 0.4,
and Re = 1000
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Figure 34: Distribution of %all Shear Stress for M = 8, o = 0.1,
and Re = 1000
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Figure 35: Distribution of Mall Shear Stress for M = 8, o = 0.3,
Re = 1000
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Figure 36: Distribution of Wall Shear Stress for M = 8, ¢ = 0.5,
and Re = 1000
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Figure 37: Distribution of Wall Shear Stress for M = & a =0.1,
and Re = 50
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Figure 38: Distribution of Wall Shear Stress for M = 8

s o= 0.5,
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Figure 40: Distribution of Wal] Shear Stress for M = 12, ¢ = 0.1,
and Re = 1000

. -2\, 2
T,y = 0.9138 x 107 N/m



2.5~

FIN SURFACES TUBE wALL

L 1
00 0.5 1.0 o
— /1, — 678,

Figure 41: Distribution of Wall Shear Stress for M = 12, o = 0.3,
and Re = 1000
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Figure 42: Distribution of

Wall Shear Stress for M = 12
and Re = 1000

s a = 0.5,
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Figure 43: Distribution of Wall Shear Stress for M = 12, o = 0.4,
and Re = 100
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Figure 44: Distribution of Wall Shear Stress for M = 12, a = 0.4,
and Re = 500
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Figure 45: Distribution of Wall Shear Stress
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Figure 46: Effect of Twist Ratio On Friction Factor For M= 4
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Figure 47: Effect of Twist Ratio on Friction Factor For M = 8.
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Figure 48: Effect of Twist Ratio On Friction Factor For M = 12
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